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ABSTRACT

Hydroplaning is a major concern on high speed roadways during heavy rainfall events.
Hydroplaning tools are widely used by designers to reduce their roadway’s hydroplaning
potential, therefore reducing the possibilities of severe crashes. This dissertation presents two
methodologies for improving the prediction of hydroplaning potential.
The first phase focused on improving an existing widely used software called PAVDRN.
Using multiple datasets from the Florida Department of Transportation, the author filtered the
data using specific criteria to leave only truly dynamic hydroplaning crashes. The author then
evaluated PAVDRN’s prediction capabilities and assessed its reliability in predicting a
hydroplaning crash. Using past accident statistics, the author accounted for extraneous factors
that are difficult to capture, such as driver behavior, and obtained probability factors for a more
realistic estimate of hydroplaning risk on roadways. The second phase focused on improving the
modeling technique used in hydroplaning prediction tools. Currently when assessing a roadway’s
hydroplaning potential, the roadside drainage is not considered in the analysis. The author
modeled a combined pavement-drainage system using a 1D/2D method to better capture the
effects of roadside drainage, especially in the events of flooding. The methodology used in
modeling successfully captures the backwater effects that are caused under critical flooding
conditions. Lastly the author created a new tool (MY-PAVDTCH) to provide design engineers
with updated waterfilm thickness values under roadside drainage flooded conditions.

viii

CHAPTER 1: RESEARCH INTRODUCTION

Hydroplaning is an event that occurs when a vehicle is traveling on a pavement surface
with a water layer and the vehicle tires lose partial or full contact with the pavement surface due
to an uplift force. When hydroplaning occurs, the driver is no longer in control of the vehicle’s
speed and direction as a result of skidding (low friction), or uncontrollable sliding and spinning.
There are many factors that can affect the potential for hydroplaning including, water film
thickness on the pavement surface, speed of the vehicle, tire tread condition, tire inflation
pressure, roadway and pavement characteristics, and driver behavior [1]. Pavement friction
needed to mitigate hydroplaning can vary depending on the speed of the vehicle, the braking
characteristics of the vehicle, and the extent of rainfall. Rainfall intensity also affects the
pavement friction availability and can lead to complete loss of contact between vehicle tires and
a pavement surface (zero friction). Similar to water skiing, traveling at a high speed on a thick
waterfilm caused by intense rainfall can promote hydroplaning. The driver’s skills and
experience can also affect the possibility of hydroplaning or loss of control [2].
There are two types of hydroplaning, viscous hydroplaning and dynamic hydroplaning.
Viscous hydroplaning occurs when the vehicle tires lose partial contact with the pavement and
experience low pavement friction because of a water film on the roadway. Viscous hydroplaning
causes longer breaking distances and may result in more rear-end collisions because of the low
pavement friction. Dynamic hydroplaning occurs when the vehicle tires completely lose contact
with the pavement surface due to a relatively thick layer of water film between the tires and the
pavement. Dynamic hydroplaning typically occurs at high speeds and during moderate to high
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rainfall that produces a thick water film on the pavement. This research will focus on dynamic
hydroplaning events, which are typically more severe because of the complete loss of driver
control of the vehicle traveling at higher speeds. Hence, any further reference to hydroplaning
will refer to dynamic hydroplaning. The research is divided into two main objectives: (i)
Evaluating past hydroplaning crashes with existing steady state hydroplaning potential prediction
software (ii) Modeling waterfilm thickness under unsteady and gradually varied flow to simulate
backwater effects (or reverse flow) caused by under-designed roadway drainage systems.
The first objective of predicting hydroplaning crashes was accomplished with a widely
used hydroplaning risk prediction tool, known as PAVDRN, to provide the designers probability
of hydroplaning under given conditions based on past crash data. The second objective of water
film thickness modeling provided designers with a tool to test their design against transient
effects, such as ponding or reverse flow (back water) effects, and assess the increased risk of
hydroplaning by evaluating the pavement-drainage system interaction. The research findings are
expected to be useful for roadway and drainage engineers to mitigate the potential of
hydroplaning.
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CHAPTER 2: BACKGROUND STUDY AND LITERATURE REVIEW 1

2.1.

Types of Pavement
There are three major types of pavements: (1) flexible (asphalt) pavements (Figure 2-1 a)

(2) rigid (concrete) pavements (Figure 2-1 b) (3) composite (combination of asphalt and concrete
pavement) pavements. This research will focus on typical pavements found in the United States.
The pavement types that will be considered in this research are open graded friction course
asphalt (OGFC), dense graded asphalt (DGA), and Portland cement concrete (PCC). OGFC
pavements are typically used on high speed facilities such as interstates because of their
improved drainage characteristics and reduced spray during wet weather events [3]. In 1980,
Federal Highway Administration (FHWA) launched a skid accident reduction program and
mandated the state departments of transportation (DOT) to identify and correct roadway sections
with high or potentially high skidding accidents [2]. The state of Florida is unique because it
experiences very heavy rainfall that could lead to an ideal condition for a hydroplaning incident.
Therefore during the 1970s, Florida created an OGFC designated FC-2 to mitigate hydroplaning.
To further improve the roadway performance with regards to hydroplaning, the Florida
Department of Transportation (FDOT) began using FC-5 OGFC mixture, which is coarser than
FC-2. FC-5 is currently used today by the FDOT, placed at an approximately ¾ inch thickness
[4].
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Sections of this chapter were published in the Transportation Research Record: Journal of
Transportation Research Board. Permission for use is included in Appendix A.
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In this research, the pavement characteristics which will be considered are mean texture
depth (MTD), roadway slope, Manning’s roughness coefficient, and pavement permeability.
These are all considered to have an impact on hydroplaning potential. Other pavement factors
such as mixture types do not directly affect the potential for hydroplaning, and therefore are not
discussed in this study.
MTD is the mean vertical height differences of the macrotexture. The MTD measures one
aspect of the pavement’s macrotexture and can be calculated using volumetric techniques such as
the sand patch method (ASTM E-965). The test uses a known volume of material (25 cm3) and
measures the area of the pavement covered to fill all the surface voids [2]. For this research,
typical MTD values of each pavement type were used.
OGFC asphalt pavements have a higher MTD than DGA and concrete pavements. Water
can drain on OGFC either through the porous pavement layer or over the surface. DGA and
concrete pavement surfaces are relatively impervious and in turn water flows mostly over the
surface. Hence, OGFC pavements have better drainage characteristics than the other pavement
alternatives. In this research, the author modeled multiple scenarios under each pavement type.
The Manning’s roughness coefficient (n) describes the effect of the surface roughness on
the velocity of flow. Rougher surfaces will slow down the flow (q) and can increase the
infiltration rate [5]. Manning’s coefficient has been tabulated for typical surfaces such as
overland and channel flows [6]. For the purposes of this research, typical Manning coefficient
values for each pavement type were used.
Permeability of pavement is the infiltration of fluids. An FDOT study (2009) measured
the permeability of Open graded FC5 pavement in Highlands County and the results show a
range of 0.05 in/s – 0.2 in/s. PAVDRN software uses 0.02 in/s as the recommended value for
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Open graded pavements. The UCPRC found that permeability of Dense graded asphalt and
concrete pavement is extremely small, and therefore can be neglected [7].
The design used in this analysis is based on typical Florida rural freeway designs.
Roadway geometry is very important when assessing the roadway’s drainage capabilities. Figure
2-2 shows a typical cross section of a rural freeway. Typical high speed roadway cross slopes
employed in the US are 2% to 1.5% and can be no less than 1%. In multilane facilities with three
or more lanes in one direction, varying cross slope (greater than 2%) between lanes may be
necessary for adequate drainage [8]. The minimum typical lane width on high speed facilities is
12 ft., and the range of shoulder width for rural freeways is 4 ft. to 12 ft., to accommodate stalled
vehicles. This research used the conservative value of 12 ft. shoulders for the analysis [1].
2.2.

High Speed Roadside Drainage
In the United States, State DOTs typically use a ditch/swale design on high speed

roadway facilities to enhance roadside drainage (Figure 2-2). This section will explain the typical
open channel design that will be used in this investigation.
Rainfall excess is transported in open channels. An open channel (such as pavement
surface, swales) is a system that conveys liquid that is subjected to atmospheric pressure [9]. The
design elements for roadside swales include the cross section of the channel, depth of the flow,
top width, water area and wetted perimeter [6]. Open channel flow is unsteady during periods
when the discharge (q) changes with respect to time; this includes rainfall events when there is
stormwater runoff [6]. The flow of the open channel can also be classified as uniform or
nonuniform and gradually varied or rapidly varied. Rapidly varied flow includes conditions of
hydraulic jump and hydraulic drop. Flow on pavements and swales can be described as unsteady,
nonuniform gradually varied flow; this type of flow is the most complex and can describe
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backwater effects that occur when there is a restriction downstream [6]. The Saint Venant
equations can be used to represent this type of flow [10, 11].
Flow can be classified further as laminar or turbulent flow and this depends on the
Reynolds number (Figure 2-3). Simply, a low Reynolds number indicates laminar flow, whereas
a high Reynolds number describes turbulent flow. Because overland flow can occur on surfaces
with obstructions (i.e. grass, rocks etc.), it generally becomes turbulent flow [10]. Turbulent flow
is quite tedious to model, and in practice the Manning formula is used to represent turbulent
overland flow using the effective Manning roughness factor. The Manning formula is an
empirical equation that is derived from experimental data and depends on the roughness of the
channel, hydraulic radius, and the flow of the energy gradient [6].
On a mild slope which leads to sub-critical flow, such as on a pavement surface, water
flows into another pool of water such as a swale system which will then create a flow restriction
and a pool (Figure 2-4). The downstream end acts as a flow restriction and increases the water
film thickness at the end. This can occur during heavy rain events where the ditch system floods
and slows down the water flow on the pavement surface, creating a ponding effect. This scenario
would be very dangerous on roadways because of the higher waterfilm thickness created in the
outside lane which may lead to increased hydroplaning risk.
2.3.

Part I: Hydroplaning Risk Prediction
Design engineers attempt to quantify the risk of vehicle hydroplaning on their facilities to

make better decisions with the design criteria. As stated in Chapter 1, hydroplaning can occur
from a combination of pavement characteristics, rainfall conditions, and driver behavior. Various
tools have been developed to predict hydroplaning threshold speeds. Hydroplaning threshold
speed (v*) is the speed at which a vehicle should begin to hydroplane under certain conditions.
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These tools are generally used as design guides in the event of adding additional lanes to test the
slopes against hydroplaning potential.
In the early years more empirical methods have been developed such as that developed
by National Aeronautics and Space Administration (NASA) researchers to estimate these
threshold speeds [12]. Another study focused on the effect of six variations of pavement texture
on the hydroplaning threshold speed by doing laboratory experiments, the results showed that as
MTD increases, the hydroplaning threshold speed increases as expected [13].
Analytical methods were also developed to better calculate these speeds. An example of
a widely used tool developed to predict these threshold hydroplaning speeds is PAVDRN [14].
Recently more advanced models have been developed using finite volume methods to simulate
hydroplaning scenario such as the one developed by Ong and Fwa (2007) to simulate the tirefluid-pavement interactions [15] and Ding and Wang (2018) using the Coupled EulerianLagrangian method to simulate hydroplaning along a pavement section [16].
Jayasoriya and Gunaratne (2014) report that most prediction models have the following
variables in place to calculate the threshold speed [17]. First the water film thickness is
calculated as a function of the following:
•

rainfall intensity,

•

length of the flow path,

•

resultant slope, and

•

Mean texture depth of the pavement [17].

That waterfilm thickness value is then used with the tread depth, footprint aspect ratio
and a spin down ratio (based on the rotational velocity of the wheel on dry vs. wet surfaces) to
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calculate the threshold hydroplaning speed. Other models require more detailed information such
as the tire load and inflation pressure [12, 17, 18, 19]
2.3.1. Prediction Model
During a rain event a sheet flow of water is created along the roadway cross section. The
thickness of the sheet flow of water depends on the intensity of the rain as well as the pavement
type and longitudinal and cross slopes. Typically, the water film thickness is least on the inside
lane near the median and greatest on the outside lane T because of the presence of the median
and two-directional drainage. The larger the water film thickness the lower is the threshold
hydroplaning speed. Hence risk of hydroplaning increases due to lane expansion in particular.
Design engineers typically use PAVDRN software to obtain the threshold hydroplaning speed
and then use engineering judgment to determine which lane configuration and slope combination
is the safest when adding lanes.
PAVDRN is a computer software developed by the Pennsylvania Transportation Institute
as part of the National Cooperative Highway Research Program [20]. The program is used
widely by highway engineers to estimate critical hydroplaning speeds along roadway sections.
Part I of this research will focus on this prediction tool because of its major use by the US DOT
and State DOTs.
PAVDRN’s mathematical model uses data on rainfall intensity, horizontal alignment of
the road, cross section information, and pavement surface properties to calculate a water film
thickness under steady state conditions along a roadway cross section. PAVDRN can then
estimate the threshold speeds at which hydroplaning would be triggered. Part I of this research
evaluated PAVDRN software’s capabilities in predicting dynamic hydroplaning using past
dynamic hydroplaning accident statistics.
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PAVDRN has two main equations of which the first equation calculates the water film
thickness on the pavement surface (Equation 2-1); second equation uses the water film thickness
to estimate the threshold hydroplaning speed (Equation 2-2).

 nLI 
t=
0.5
 36.1S 

0.6

− MTD

(2-1)

v p = 96.3t −0.259 , if t≥2.4 mm, otherwise

(2-2)

v p = 4.94 A , where A
 12.64 


 t 0.06  + 3.507,

A = Max.of 

 35.15 − 7.817(0.0393MTD) 0.14 
 t 0.06


(2-3)

where,
t: Water film thickness
𝜈𝜈𝑝𝑝 : Threshold hydroplaning speed
n: Manning’s roughness coefficient
MTD: Mean texture depth
I: Rainfall intensity
Lf: Longest flow path length
S: Drainage slope
Since PAVDRN software is widely used in roadway design by state and private agencies,
it is important to assess the reliability of this tool. In this investigation recorded data on past
hydroplaning accidents in the state of Florida were used for this purpose. One task of this
investigation was to predict the risk of a hydroplaning accident on a given roadway section
during high rainfall using PAVDRN and then compare that estimate with actual hydroplaning
accident statistics on that roadway. PAVDRN predictions were made based on two different
speeds (i) estimated travel speed, and (ii) posted speed. The differences in the risk estimates from
the two sources were attributed to factors that are not considered in the PAVDRN’s theoretical
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formulation. The final task of Part I was to combine the information from crash statistics to
include the effects of the above extraneous factors and upgrade the risk estimates provided by
PAVDRN.
2.3.2. Wet Weather Effects
During heavy rainfall conditions drivers are unable to have control over their vehicles
like in fine weather because of reduced friction between the tire and the wet pavement and
reduced visibility [21]. Visibility plays an important role in the driver’s perception since the
majority of the information drivers use while driving is visual [22]. Mahmassani et al. (2009)
reports that visibility is affected during heavy rain because of the reduction in sight distance [21].
According to Kyte et al. (2001), for every 0.18 mile reduction in visibility the speed is reduced
by 0.48 mph [23]. Snowden at al. (1998) states that the drivers tend to increase their speed when
they get used to the surrounding conditions [24]. Since this study dealt with heavy rainfall
associated with large storms, the drivers may begin to feel comfortable driving in those
conditions and increase their speeds. On the other hand, Rakha et al. (2007) applied a weather
adjustment factor model (WAF) which uses the precipitation intensity (cm/h), visibility (km) and
an interaction term and found that the rain intensity had an effect on the free flow speed where
the visibility had no effect [25].
Highway Capacity Manual (HCM) states that according to past research [26] the speed of
vehicles on a roadway is not significantly affected by a wet pavement [27]. However, when the
visibility of the driver reduces the result is typically a reduction of speed. High rainfall events
immediately affect the driver’s visibility thus reducing the speeds [27]. HCM reports from a
study by Ibrahim and Hall (1994) that the reduction in free flow speed during heavy rain is 3 to 4
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mph [26]. The summary of past studies discussing the reduction of speed during rainfall was
summarized by Rakha et al. (2007) and is reproduced in Table 2-1.
A study done by Edwards (1999) evaluated the speed distribution of traffic on a freeway
in inclement weather conditions and compared that with data collected in fine weather [28]. The
road segment used was a two lane section of M4 Motorway North of Cardiff, South Wales with a
posted speed of 70 mph. Hourly continuous traffic counts were obtained from an automated
traffic counter located at the site. The traffic was described as having minimal interference and
operating at free flow speeds, with the majority being commuter drivers. The speed was obtained
using a hand-held radar speed gun from a survey location invisible to drivers. The different
weather conditions experienced during the period of data collection was Sunny, Dull/cloudy,
Steady/heavy rain, Drizzle, and Fog. Since the objective of this study was measuring the free
flow speed reduction, the test was done during off peak periods and the capacity in vehicles per
hour was verified to be below the one-directional capacity of the roadway. The data collection
was performed from October to March 1996-1997, not including holiday traffic. The vehicle
types were counted in Edwards’ (1999) study since heavy vehicles can reduce the overall speeds
of the traffic if they are more than 15% of total vehicles. It was found that the number of heavy
vehicles was less than 14%. Since HCM also assumes 12% heavy vehicles in the design of
freeways [29], in this study it was assumed that the percentage of trucks does not affect the
overall traffic speed.
The results by Edwards (1999) are represented in Table 2-2. It was found that the
reduction in speed was small but significant (observed mean difference is significantly different
between the data sets, z=13.04). It was also reported that the reduction in speed was more
consistent in rain with a standard deviation of 6.33 mph and coefficient of variation of 10.30%
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[28]. Edwards (1999) results show that in fine weather, the mean speed is approximately 8% less
than the posted speed limit, while the posted speed limit is approximately the 85th percentile in
the speed distribution. During steady/heavy rain the difference between the posted speed limit
and the mean speed increases (approximately 12% decrease from posted speed); this explains
that there is an extra reduction occurring during heavy rain as supported by previous literature. It
is interesting to note that the results presented by Edwards (1999) regarding the reduction in
mean speed in fine weather to the mean speed in wet conditions agrees with findings by Ibrahim
and Hall (1994) and by Smith et al. (2004). Ibrahim and Hall (1994) stated that the speed
reduction in heavy rain is 3-10 mph (Table 2-1); Edwards (1999) mean and 85th percentile speed
reduced by approximately 3 mph. Smith et al (2004) reported a 3-5% reduction in speed in heavy
rain (Table 2-1); while Edwards’(1999) mean speed in fine weather reduced by approximately
4% in heavy rain.
2.4.

Part II: Waterfilm Thickness Models

2.4.1. Prediction of Waterfilm Thickness
It is important to study the factors affecting hydroplaning to better understand the impacts
of modifying these characteristics. Hydroplaning occurs due to a combination of many factors
that includes: speed of vehicle, tire conditions, water film thickness on the roadway, roadway
geometry, and driver’s behavior etc. [1]. Many of the unquantifiable factors influencing
hydroplaning such as the tire condition and the driver’s experience are dependent on the driver;
these factors can vary greatly but can be captured statistically using past hydroplaning crashes
(Chapter 3). Water film thickness on the pavement surface is one of the factors that directly
affects hydroplaning. Hence it is important to be able to model the depth of water on the
pavement surface accurately to simulate real life events and minimize design errors. There are
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many factors that affect the waterfilm thickness on the pavement surface such as the geometry of
the roadway, the type of pavement, and the drainage. Past research studies have modeled the
waterfilm thickness on different types of pavement surfaces [30, 31, 32, 33, 34] but none have
studied the pavement and roadside drainage system together to model the water depth. In this
research, the investigators will combine the geometric and drainage properties of the pavement
as well as of the drainage facility to capture the effects of reverse flow or back water effects.
This condition occurs when the drainage facility reaches its capacity and because of the
hydraulic head difference the water does not drain from the roadway speedily. This scenario will
lead to ponding or higher than predicted water depths on the outside lanes and shoulder. This can
be particularly dangerous for drivers if ponding scenarios occurred at isolated locations along the
roadway.
2.4.2. Drainage Prediction Models
Many of the early water film thickness prediction methods have been developed
experimentally and these empirical equations were shown to be inaccurate for small water film
thicknesses [35]. More reliable empirical hydroplaning equations were developed by Horne and
Dreher (1963) [12] based on experimentation performed by NASA. Later, researchers have
turned to hydraulics and fluid dynamics to be able to simulate sheet flow on pavement surfaces
more accurately [15, 16].
2.4.3. Wave Equations
St. Venant equations of continuity and momentum model unsteady, gradually varied flow
in open channels [10]. The Boussinesq equations are also capable of modeling water waves in
shallow water bodies [31]. Both equations can be applied to open channels such as roadways to
represent overland flow on a pavement surface. Since these equations are computationally
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difficult to solve without a numerical computer model, different assumptions have been made by
researchers to model them numerically.
One simplifying assumption commonly made is that of steady state flow which assumes
that there is no change in flow with respect to time [33, 34, 30, 31]. This assumption is used for
general water flow cases and has many limitations. Some limitations associated with steady state
are the inability to handle variations in roadway geometry (ex. superelevations, variation in
slope) [30]. Therefore, in this research unsteady state conditions are used to model the water
flow on a pavement surface to account for variations in pavement geometry and drainage
characteristics.
Dynamic wave approximation is the full set of the one-dimensional St. Venant equations.
Under unsteady state conditions there are approximations that can be made to St. Venant
equations to simplify the equations to be solved, including kinematic wave approximations and
diffusive wave approximation [32]. These approximations are simplifications of the St. Venant
equations (continuity and momentum equations). Kinematic wave approximation removes the
dynamic terms from the momentum equation and assumes that the discharge is a function of the
depth only thus simplifying the energy equation. Kinematic wave solutions can be applied to
impervious surfaces with a constant rainfall rate. However kinematic equations cannot model
backwater effects or reverse flow which may occur from under-designed drainage systems on
roadways [10]. When the surface is porous (e.g. as OGFC asphalt pavement), and the rainfall
intensity varies as in real life a dynamic wave equation must be used to model sheet flow on
pavements. Dynamic wave equations are St. Venant unsteady flow equations in open channels
(shown in Equations (2-4) and (2-5) in one-dimension). Dynamic wave equations can be used in
conjunction with infiltration to model water flow on porous pavement surfaces and swales [32].
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Equation (2-4) shows the conservation of momentum; equation (2-5) shows the conservation of
mass.

∂Q ∂  Q 2
+ 
∂t ∂x  A


∂h
 + gA + gA(I E − I S ) = 0
∂x


(2-4)

∂Q
∂h
+B
=0
∂x
∂t

(2-5)

where,
Q: flow rate (m3/s)
A: flow area (m2)
IE: energy gradient
IS: friction slope
h: water level (m)
x: flow route (m)
t: time
g: acceleration due to gravity
B: width of flow compartment (constant) (m)

Since OGFC pavements are commonly used in Florida’s high speed facilities, it is
important to be able to simulate water flow on these types of porous materials. This includes not
only the water flow on the pavement surface but also the infiltration of water and flow within the
pavement layer. This can be done by combining an infiltration equation with a surface water
flow equation [10]. There are many equations available to model infiltration. Biot’s theory
equations based on Darcy’s law can be used to simulate flow within a porous solid [34]. Another
variation of Darcy’s law is the Green-Ampt equation which is expressed in terms of hydraulic
conductivity, capillary suction, and available porosity and accumulated infiltration; the GreenAmpt equation is widely used in the field. Another equation available for this purpose is the
Horton equation [5]; which is expressed in terms of a minimum or ultimate infiltration rate [10].
The third method is to use the Curve Number (CN) which represents the properties of the land
cover and may be computed from a set of equations which are in terms of storage, or maximum
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run off retention, depth of the rainfall, depth of the runoff [5]. Another simpler method available
is using an Initial/Continuing Loss method, which applies a rate of loss of flow continuously. For
simplification since the soil type is assumed, this research used the Initial/Continuing Loss
method found in xpSWMM to simulate the infiltration on the roadside and for the pavement
surface to simulate permeability.
2.4.4. Surface Roughness Equations
Another factor to consider when modeling water flow on a pavement surface is whether
the flow is laminar or turbulent. Laminar flow (streamline flow) can be characterized as orderly
and parallel to the pipe walls and with a low Reynolds number. On the other hand, Turbulent
flow can be characterized as those having large variations in pressure and velocity and chaotic
water movement with a high Reynolds number (Figure 2-3 above). Overland flow typically has a
low Reynolds number, and hence can be classified as laminar. There are many obstructions such
as rainfall impact and pavement aggregate interference that can disturb the flow and make it
turbulent [10, 11]. Ong and Fwa (2005) agree that the flow should be considered turbulent to
simulate realistic water flow on a pavement surface [36]. Akan and Houghtalen (2003)
recommend using the Manning formula for turbulent overland flow stating that the effective
Manning roughness factor based on the surface type will account for the flow resistance [10].
The Darcy-Weisbach equation was developed based on experimentation in 1850 to simulate
turbulent flow [33]. For open channel flow this research used the Manning equations to simulate
the surface runoff and to relate flow rate to the flow depth and friction slope (equations (2-6) and
(2-7)) using the modeling software discussed in Chapter 4 [5].
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 (δW ) 
dy
1/ 2
( y − y p )5 / 3 S0
= ie − 

dt
 ( An) 

(2-6)

where,
ie: rainfall excess
δ : unit conversion constant
n: Manning’s coefficient
yp: depth of maximum depression storage
y: depth of flow
S0: channel slope
W: width of overland flow
A: drainage area

Sf =

Q2

(2-7)

 δ  2 2 4 / 3 
  A R 

 n 

where,
Sf: friction slope
Q: runoff flow rate
R: hydraulic radius of the channel
A: drainage area
δ : unit conversion constant
n: Manning’s coefficient
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Table 2-1: Effects of rain on vehicle speed [25]
Researcher
Location
Light Rain
Heavy Rain

Speed Reduction
Ibrahim and Hall (1994)
Toronto, Ontario
1.2-8mph
3-10 mph

Kyte et al. (2001)
Idaho
5.9 mph
5.9 mph

Smith et al. (2004)
Hampton Roads, Virginia
3-5%
3-5%

Table 2-2: Summary statistics for survey speeds by weather [28]
Parameter
85th percentile (mph)
Mean (mph)
Median (mph)
Mode (mph)
SD
Range (mph)
Count (vehicles)
Z statistic (from “fine”
weather
Coefficient (%) of
variation

Fine
71.38
64.29
64
60
7.09
45
2600

Rain
68.10
61.46
61
57
6.33
50
1400
13.04

Fog
69.00
62.11
62
59
6.88
40
400
5.9

11.03

10.30

11.08
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(a)

(b)
Figure 2-1: (a) Typical cross section of flexible pavement (b) Typical cross section of rigid
pavement [2]

Figure 2-2: Typical cross section of a freeway [9]
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Figure 2-3: Illustration of laminar vs. turbulent flow [11]

Figure 2-4: Non-uniform water surface profile on mild slope (sub-critical) with downstream
control caused by flow restriction [5].
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CHAPTER 3: PART I: HYDROPLANING RISK ANALYSIS UNDER STEADY STATE
SCENARIO 2

To evaluate PAVDRN’s prediction capabilities existing hydroplaning crashes were used
to test PAVDRN’s responses. To obtain the hydroplaning crashes and the required information to
input through PAVDRN a number of databases were used. A significant effort was put forth to
select true dynamic hydroplaning crashes from the Florida crash database. The following section
will describe these efforts.
3.1.

Databases
The data used for the current study was obtained from five main databases provided by

the Florida Department of Transportation (FDOT) as well as the weather data available recorded
by Weather Underground:
•

Crash Analysis and Recording System (CARS) database

•

Pavement Condition Survey (PCS) database

•

Weather Underground website [37]

•

FDOT Florida Traffic website [38]

•

Florida Traffic Crash Reports (Long form)

The CARS database contains all crashes occurring in Florida including state and off state
roadway systems. The database includes information such as date and time, location of crash and
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posted speed. The Pavement Condition Survey includes data relating to the pavement condition,
this database was used to identify the pavement type at the time of the crash. Florida Traffic
Crash Reports (Long form) is the report completed by the police officer at the scene of the crash,
this includes a narrative of the incident as well as a diagram depicting the situation before, during
and after the crash occurred. The FDOT Florida Traffic website contains the volume of vehicles
collected at a 15 minute interval. This was used to find the volume of traffic during the time of
the crash. The weather underground website contains rainfall station sites and their rainfall
intensity graph which was used to find the rainfall intensity at the time of the incident occurring.
3.2.

Reliability Assessment Methodology
The following procedure was developed to estimate the reliability of PAVDRN in

prediction of hydroplaning accidents. The rainfall rate data availability from Weather
Underground website limited the accident data that can be analyzed. The accident locations
chosen needed a sufficient number of weather stations in close proximity to those roadway
sections (Figure 3-1(a)). The data was analyzed on six roadway sections, at locations having
weather stations in close proximity. The following roadway site IDs were analyzed:
•

10075000 (located on I-75) [181, and 178 total accidents in 2009 and 2010
respectively]

•

89095000 (located on I-95) [56, and 53 total accidents in 2009 and 2010 respectively]

•

93220000 (located on I-95) [13, 11, 204 82, and 415 total accidents in 2006, 2007,
2008, 2009 and 2010 respectively]

•

94001000 (located on I-95) [97, and 52 total accidents in 2009 and 2010 respectively]

•

87471000 (located on HEFT) [11, 12, 12, 15 and 20 total accidents in 2007, 2008,
2009, 2010, 2011]

22

•

72001000 (located on I 295) [28, 31, 12, 11 and 24 total accidents in 2006, 2007
2009, 2010, 2011]

Weather stations along the above roadways were recorded using their unique IDs and
their GPS coordinates (sample weather stations are seen in Figure 3-1(b)).
To screen out hydroplaning accidents from other wet weather accidents, Florida Traffic
Crash Reports (police long forms) were reviewed for each accident. The accidents were chosen
based on the sketches and description of events in the police long forms and the ones that
included one of the following were chosen as possible hydroplaning accidents:
•

description of a hydroplaning accident,

•

description that included “skid”, “lost control”, or “hydroplane”,

•

apparent low traffic situations (removing rear end accidents caused by stop and go
traffic from low pavement friction), and

•

Loss of control of the vehicle represented in long forms such as that shown in Figure
3-1(c).

For the selected hydroplaning accidents, the distances between each accident site and the
three closest weather stations were calculated using the GPS coordinates. Since the author dealt
with large storms and heavy rainfall it was assumed that these types of storms would be
uniformly spread out within a 30 km (18.6 miles) radius from the accident site (Figure 3-1(b)).
For this reason data provided by any weather stations found outside the 30 km radius was
disregarded. Weather Underground website was used to obtain the rainfall intensity of each
accident based on the corresponding three weather stations. Equation (3-1) was used to
determine the effective rainfall intensity relevant to each accident, assuming that the rainfall
intensity attenuates with the distance.
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(3-1)

where,
Ii = rainfall rate recorded at weather station i (mm/hr or in/hr)
Ri =distance from accident location to weather station i

Rainfall data that seemed to be unreliable or missing was disregarded. If the closest
weather station was within 10 km (6 miles) from the accident site and the remaining two weather
stations were unreliable or farther than 20 km from the accident, then the rainfall rate from the
closest weather station was used as the effective rainfall intensity. Finally an additional screening
criterion of a minimum of 30 mm/hr rainfall intensity was used to further screen the remaining
accidents to those deemed to be hydroplaning accidents. The minimum rainfall intensity of 30
mm/hr corresponds to a minimum water film thickness on the pavement where hydroplaning is
possible at a reasonable speed. The final hydroplaning accident count was 125.
To find the threshold hydroplaning speed from PAVDRN, the lane where hydroplaning
initiated is needed. The sketches and the descriptions on the police long forms (Figure 3-1(c))
were referenced to locate this. Then PAVDRN was run based on the characteristics of each
accident to find the threshold hydroplaning speed (v*) based on the location, time of the accident
and the rainfall intensity.
The following sample PAVDRN Run example was worked out by the author to illustrate
how the prediction of the hydroplaning potential of a given roadway based on PAVDRN
software can be compared with the information from the Police long forms.
•

Accident located on roadway ID 93220000

•

Incident lane = 2

•

Posted Speed = 65 mph
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•

Travel Speed = 65 mph

PAVDRN Screen 1 also requires the following information: (1) Rainfall intensity
(Weather database) = 48 mm/hr (1.89 in/hr) was used in this example. All accidents in data set
are on tangent sections and the kinematic viscosity and water temperature are kept at PAVDRN
default values (0.00001406 ft2/s and 50 °F respectively). PAVDRN Screen 2 requires the
characteristics for the number of planes as listed below. The final results are illustrated in the
Figure 3-2.
•

Data for plane 1
o Plane width = 24 ft.
o Cross-slope = 2%
o Pavement type = OG-AC (open-graded asphalt)
o Mean texture depth (MTD) = 0.059 in (1.5 mm) for OG-AC (based on average
values and lie within the ranges given in PAVDRN Help section)
o OG-AC permeability = 0.02 in/hr (recommended by PAVDRN Help)

•

Data for plane 2
o Plane width = 12 ft.
o Cross-slope = 3%
o Pavement type, MTD, and OG-AC permeability are the same as plane 1.

The PAVDRN output report contains the hydroplaning speeds (mph) at 3 ft. intervals
along the cross slope of the roadway. The hydroplaning speed recorded by the authors is the
threshold speed in the middle of the incident lane. In this example, the threshold hydroplaning
speed estimated from PAVDRN is 64 mph.
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3.3.

Decision Criterion
To obtain PAVDRN’s prediction, the traveling speed (v’) must be compared to the

threshold hydroplaning speed (v*).
The procedure used for prediction of the hydroplaning risk on a given roadway is as follows:
1. Obtain v* (hydroplaning threshold speed) from PAVDRN using rainfall intensity,
pavement and roadway characteristics.
2. Compare the v* and v’, if v*<v’ then hydroplaning occurs
The traveling speed (v’) can be obtained from the police long form; estimated by either the driver
or by the police officer depending on the circumstances. However due to the unreliability of the
above estimates the authors used two alternative methods for making the decision on
hydroplaning. They are presented as case 1 and 2 in the next two sections.
3.4.

Presentation of Results

3.4.1. Case 1: Decision Based on Estimated Traveling Speed vs. PAVDRN Threshold
Speed
In this analysis, the threshold speed of PAVDRN was compared to the traveling speed
estimated by the police officer. Table 3-1(a) is a sample of the data set which compares
PAVDRN predicted hydroplaning speed v* with the travel speed. Since all the data is for
hydroplaning accidents “Actual Hydroplane” column values are all 1. If the hydroplaning speed
reported by PAVDRN is less than or equal to the traveling speed, it is reported as a correct
response by PAVDRN (denoted by 1 in PAVDRN VS TRAVELSPEED column). Otherwise, it is
reported as an incorrect response by PAVDRN (denoted by 0 in PAVDRN VS TRAVELSPEED
column). Since the traveling speed is reported as a multiple of 5, an error buffer of ±2 mph was

26

created when comparing the hydroplaning speed with the traveling speed. If the hydroplaning
speed is within 2 mph from the traveling speed it is reported as a correct response by PAVDRN.
If y is the event of PAVDRN making an inaccurate prediction, the column “y (probability)
(TRAVEL SPEED)” in Table 3-1(a) can be created by comparing the hydroplane column and the
“PAVDRN VS TRAVELSPEED” column. If both column values are equal then PAVDRN is
correct and y=0; otherwise y=1. It is seen the y follows a Bernoulli distribution. Using travel
speed in the decision criterion, the proportion of PAVDRN obtaining a correct response (y=0) is
64.00% (3-2).
0 𝑖𝑖𝑖𝑖 𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻 = 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝑉𝑉𝑉𝑉 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇
𝑦𝑦 = �
1 𝑖𝑖𝑖𝑖 𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻 ≠ 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝑉𝑉𝑉𝑉 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇
Since the dataset is comprised of independent random variables (each accident is
independent from another accident) the central limit theorem states that the dataset will
approximately follow a normal distribution when N is large. To find the margin of error (MOE)
of the dataset at a 95% (𝑧𝑧∝ =1.96) confidence (sample proportion,𝑠𝑠̂ is within how much of the
true population proportion,𝑠𝑠 i.e. all the roadways hydroplaning accidents). MOE can be

calculated using the equation below. MOE of PAVDRN using Travel Speed is within 0.084 and
the MOE of PAVDRN using Posted Speed is 0.074.
𝑠𝑠̂ (1 − 𝑠𝑠̂ )
𝑁𝑁

𝑀𝑀𝑀𝑀𝑀𝑀 = 𝑧𝑧∝ �

3.4.2. Case 2: Decision Based on the Posted Speed vs. PAVDRN Threshold Speed
In this case it is assumed that the vehicles are traveling at the posted speed limit. The
steps followed to obtain the proportion of PAVDRN getting the correct measurement was the
same as in case 1. Table 3-1(b) is a sample of the dataset corresponding to case 2.
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The proportion of PAVDRN obtaining a correct response is 77.11% (Table 3-2). The proportion
of getting a correct response by PAVDRN is higher when using the posted speed because it is
generally higher than the estimated traveling speed reported to the police officer.
The same procedure was repeated by classifying each accident on a lane by lane basis
when both speeds were used in the comparison of results based on the incident lane design
criterion, the results of which are shown in Table3-3. It is apparent that most of the incorrect
PAVDRN responses occur in the first lane with 53.3% and 78.9% of the incorrect responses
using travel speed and posted speed respectively.
3.4.3. Case 3: Modification of the Reliability Assessment of PAVDRN Using Past Accident
Statistics and Speed Distribution
Results in Table 3-3(a) and (b) indicate that the reliability analysis in both the above
cases were conducted using situations where hydroplaning had actually occurred. However the
hydroplaning risk estimates provided by PAVDRN are found to be unrealistically high in general
since the rate of incidence of hydroplaning is not as frequent as it is predicted by PAVDRN. As
an example, for a given high rainfall event PAVDRN could predict every vehicle that satisfies
v’>v* to hydroplane. This unreal situation occurs since PAVDRN software does not account for
many other accentuating and mitigating factors mostly related to the vehicles and drivers. The
effect of the above factors cannot be evaluated using deterministic methods. Thus one way to
incorporate them is to use long term hydroplaning accident statistics. Secondly, it is also
recognized that the travel speed used (v’) varies from vehicle to vehicle.
In the modified risk evaluation procedure developed by the author, a simplified statistical
procedure is used to include both of the above sources of uncertainty. In this method, the speed
variation of vehicles within a roadway during a rainfall event is accounted for by assuming a
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Gaussian speed distribution with the mean speed and the standard deviation estimated from the
posted speed and reported wet weather speed reduction trends. In the particular study performed
by Edwards (1999) to measure the speed reduction in different weather conditions at a speed
limit of 70 mph, the speed distribution in Steady/Heavy rain is presented in Figure 3-1(a).
Based on Edwards (1999) and Figure 3-1(a), a wet weather speed reduction factor (α) can
be applied to the posted speed v based on the statistics in Table 2-2.
α=�

61.5
70

� ∗ 100% = 87.8%

CV at 70 mph:
𝐶𝐶𝐶𝐶 = �

𝑆𝑆𝑆𝑆
6.3
� 𝑥𝑥100 = �
� 𝑥𝑥100 = 10.3%
𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
61.5

To obtain the corresponding speed distribution at different speed limits it is assumed that

(i) the percent reduction in speed under wet weather from posted speed limit, and (ii) coefficient
of variation (CV), remain the same. Based on the above estimates, for example, the
corresponding mean and standard deviation of the wet weather speed distribution of a roadway
with a posted speed limit of 60 mph roadway, for example, would be 52.7 mph and 5.4 mph
respectively.
At this site if PAVDRN software predicts the hydroplaning threshold speed (v*) to be 65
mph for heavy rainfall, then it is realized that any vehicle within the shaded region runs the risk
of hydroplaning (Figure 3-3(b)). Using the software R project for Statistical Computing, that risk
of hydroplaning can be found to be 0.29. The estimate can also be interpreted as the approximate
percentage of the traffic volume with speeds that exceed the threshold speed v*of 65 mph.
In order to interpret the above estimates in relation to the speed distribution of traffic, the
Venn diagram in Figure 3-4 can be used. The universal set represents all the vehicle (speeds) on
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a given roadway section during a high rainfall event where as subset B and B’ represent the
volume of traffic above and below the hydroplaning speed threshold v* respectively.
3.4.4. Effects of Extraneous Factors Not Considered in PAVDRN
It must be noted that hydroplaning is a rare incident triggered by many factors that are not
limited to those used for prediction purposes in the PAVDRN software. The volume of vehicles
that actually hydroplane is represented by subset A (Figure 3-4) which may overlap with B’ and
B. Previously considered cases 1 and 2 investigate the reliability of PAVDRN based on A ∩ B
and A ∩ B’. Other influential factors include the quality of tires on vehicles (new or worn out),
driver behavior (quick or sharp turns), driver discipline (experienced/cautious driver or
inexperienced new driver), and etc. It is realized that the difference between the subset A (actual
hydroplaning incidents) and B (those predicted by PAVDRN) can be attributed to the above
extraneous factors which mitigate the hydroplaning probability. The overlap of B’ and A is due
to the extraneous factors that promote hydroplaning. Due to the absence of quantitative methods
to analyze them and the lack of understanding of the level of impact of the above extraneous
factors on the incident of hydroplaning, the author sought to use the hydroplaning accident
statistics from FDOT themselves to incorporate the mitigating or promoting effects of the
extraneous variables. Therefore, the author screened the FDOT crash database once more to
estimate the conditional probabilities P ( A B ) and P( A | B' ), which are the probabilities of a
hydroplaning accident occurring when PAVDRN predicts so and the probability of hydroplaning
accident occurring when PAVDRN does not predict so.
It must be noted that, for each of the above accident records in the database the decision
between B and B’ was made by the authors based on the mean speed (αv). In other words, in
computing the conditional probabilities using hydroplaning accident statistics it was assumed
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that there was no variation in the speeds of vehicles to differentiate between B and B’ (all
vehicles travel at the mean speed (αv)).
To obtain estimates of P( A B ) and P ( A B ') for a given roadway the volume of the
vehicles on that roadway during a certain rainfall event is needed. In the FDOT Florida Traffic
website [35], the data on the telemetered traffic monitoring sites are provided. In the cases of
2010 hydroplaning accidents on roadway ID 93220000 three monitoring sites were available,
while two monitoring sites were available on each of the following roadway IDs of 10075000,
89095000 and 94001000. For 2009 hydroplaning accidents, the same number of monitoring sites
was available for each roadway as in 2010 except on roadway ID 94001000 which had only one
monitoring site available. Since each roadway considered has varying number of exit and
entrance ramps it was decided to limit the analysis to a 5 mile stretch within any monitoring site
to limit the number of ramps encountered. The volumes are recorded continuously on an hourly
basis, and therefore at each accident monitoring site the recorded volume during the hour in
which the accident took place was considered. For example, an accident taking place at 9:07AM
the recorded volume would be the volume starting at 9:00AM, while for an accident occurring at
9:57AM the volume recorded would be the one starting at 10:00AM. Such hourly volumes for
each accident site were obtained for a total of 55 accidents occurring on open graded asphalt
pavements. A sample of the dataset is represented in Table 3-4.
Hence the conditional probabilities of (i) a hydroplaning accident occurring when
PAVDRN predicts no accidents ( P ( A B ') ), and (ii) a hydroplaning accident occurring when
PAVDRN predicts an accident ( P ( A B ) ) are evaluated based on the mean speed (αv). The
P ( A B ) and P ( A B ') for Open Graded Asphalt pavement was found to be 6.6x10-4 and 4.7x10-4

respectively.
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After accounting for the variation in travel speeds (using the distribution in Figure 3-3(a))
and those of the other variables that are not accounted for in PAVDRN (using past accident
statistics), the hydroplaning risk can be computed using the total probability theorem in Equation
(3-2).
=
P ( A) P ( A B ) P ( B ) + P ( A B ') P( B ')

(3-3)

where,
𝑃𝑃(𝐴𝐴): probability of a hydroplaning accident under the given rainfall and roadway conditions.
𝑃𝑃(𝐵𝐵): probability of hydroplaning accident according to PAVDRN (v*< αv).
𝑃𝑃(𝐵𝐵′ ): probability of no hydroplaning accidents occurring according to PAVDRN (v*> αv).

In order to ascertain the reliability of PAVDRN one can use Bayes’ theorem (Equation

(3-4)) to estimate the probability of PAVDRN correctly predicting a hydroplaning accident
(

).

P ( B A) =

P( A B) P( B)

(3-4)

P ( A)

As an example assume that the wet weather speed distribution on an open graded
roadway during a high rainfall event (greater than 30 mm/hr) is given by Figure 3-3(a) and that
the threshold hydroplaning speed (v*) for that case is 65 mph. Figure 3-3(b) indicates P(B) and
P(B’) to be 29% and 71% respectively. Hence the probability of a hydroplaning accident can be
calculated following Equation (3-2) and Table 4-1:
P(A) = �0.29 ∗ (6.6 ∗ 10−4 )� + �0.71 ∗ (4.7 ∗ 10−4 )� = 5.25 ∗ 10−4

Based on the above probability, 1941 vehicles would need to travel on the given roadway

during the rainfall event for 1 vehicle to hydroplane under the given roadway conditions.
Furthermore, for the specific speed distribution seen in Figure 3-3(b) if PAVDRN predicts a v*
of 65 mph then the reliability of the prediction solely based on PAVDRN is 38%.
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P ( B A) =

(6.5 ∗ 10−4 ) ∗ 0.29
= 0.38
5.0 ∗ 10−4

To obtain the probability of P (B) and P (A) directly from a standard Gaussian

distribution a new factor ζ was introduced to represent the ratio v*/v where:
𝜻𝜻 =

𝒗𝒗∗

(3-5)

𝒗𝒗

To obtain the estimates P(B) and P(A) values, one would compare PAVDRN predicted v* for the
given roadway and rainfall characteristics with the posted speed v. Then using Equation (3-5)
and Table3-5 one can estimate the actual hydroplaning risk during that rainfall event (P(A)) for
OGAC pavements. In addition, using the reciprocal of P(A), one can also estimate the minimum
probable traffic volume (critical volume) needed on the given roadway section during the storm
event for at least one hydroplaning incident to occur. These columns are also indicated in
Table3-5. It is realized that these estimates result from the combination of both the analytical
capability of PAVDRN and past hydroplaning accident statistics in Florida.
3.5.

Part I: Discussion
PAVDRN software is a popular tool used in pavement drainage design as it can predict

the hydroplaning risk on a given pavement section during a rainfall event. Reliability of the
prediction of PAVDRN software was first evaluated against past hydroplaning accident statistics
from Florida Department of Transportation (FDOT). Based on past hydroplaning accident
records in the FDOT CARS database, two methods based on (1) estimated travel speed, and, (2)
posted speed were used to assess PAVDRN’s effectiveness in predicting hydroplaning accidents
accurately. The results show that PAVDRN was accurate in predicting a hydroplaning crash
more than 60% of the time. Thus, PAVDRN software predictions seem to be reasonably reliable.
The reason for prediction discrepancies can be attributed to the external factors associated with a
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hydroplaning accident that are not included in PAVDRN’s analytical model. Some of the above
extraneous factors which are not available in the database include measurable ones like tire tread
wear and other factors that cannot be evaluated such as driver behavior etc. Past hydroplaning
accident statistics were also used to include the impact of the above external factors and upgrade
PAVDRN’s predictions. By accounting for extraneous factors, PAVDRN users can now obtain
more realistic estimates of the hydroplaning risk on their roadways.
3.6.

Shortcomings of the Prediction Tools
One disadvantage in using PAVDRN as a hydroplaning prediction tool is its inability to

provide a realistic and complete picture of waterfilm thickness prediction. Firstly, PAVDRN uses
a uniform rainfall rate to calculate the waterfilm thickness. Although, in reality the rainfall rate
changes over time [39]. Secondly, as discussed in Section 2.4., waterfilm thickness is one of the
major contributors to hydroplaning, PAVDRN and other researchers who have modeled water
flow on pavement surfaces to determine the waterfilm thickness do not take into account the
impact of the drainage system [30, 31, 32, 33, 34]. Looking at a cross section of a high speed
freeway facility (Figure 3-2) it can be seen that the storm water runoff would travel on the
pavement surface horizontally and longitudinally down the slope and into the drainage system
which would be a swale or a ditch. During heavy rainfall events it is possible for the drainage
system to overflow. The increased water levels and the high hydraulic head in the swale will
slow down the inflow from the pavement surface. Therefore, water can begin to pond or build up
a thicker waterfilm in the outside lane and shoulder as seen in Figure 3-4. This is a critical
scenario that can lead to a higher waterfilm thickness and therefore, a lower threshold
hydroplaning speeds (Equation 2-2). The recommended next step of this research is to
investigate the interaction between the pavement and the drainage systems. This would closely
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represent real pavement systems compared to what can be currently modeled by PAVDRN as
past researchers have done [30, 31, 32, 33, 34]. By examining the effects of interactions between
the pavement system and the drainage system designers will be able to identify the physical
characteristics that lead to dangerous situations created by the backwater effect.
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Table 3-1: (a) Sample dataset of PAVDRN vs. travel speed (b) Sample dataset of PAVDRN vs.
posted speed

Table 3-2: Proportionality based on traveling speed and posted speed
Proportionality
PAVDRN getting correct
measurement
PAVDRN getting incorrect
measurement (𝑠𝑠̂ )
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Traveling
Speed

Posted
Speed

64.00%

76.80%

36.00%

23.20%

Table 3-3: (a) Cross tabulation between incident lane and y using travel speed as reference; (b)
Cross tabulation between incident lane and y using posted speed as reference
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Table 3-4: Sample dataset for open graded asphalt pavement
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Table 3-5: Estimation of hydroplaning risk and probable critical volumes using 𝜻𝜻
ζ
0.65
0.7
0.75
0.8
0.85
0.9
0.95
1

z
-2.521
-1.968
-1.415
-0.862
-0.31
0.243
0.796
1.349

P(B)
0.9941
0.9750
0.9207
0.8078
0.6217
0.4052
0.2148
0.0885

P(A)
6.59 x 10-4
6.55 x 10-4
6.45 x 10-4
6.23 x 10-4
5.89 x 10-4
5.47 x 10-4
5.11 x 10-4
4.87 x 10-4
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Volume for P(1)
1518
1526
1551
1604
1700
1828
1958
2054

Figure 3-1: (a) Sample accident site and three closest weather stations; (b) I-95 accident site with
18.6 mile (30km) radius (Google Earth); (c) Sample police long form for a crash.
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Figure 3-2: Results of plane 1 and plane 2 analysis of PAVDRN (all values are in British Units).
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Figure 3-3: (a) Estimated speed distribution during heavy rainfall at 70 mph speed limit [28]; (b)
Predicted risk based on a hydroplaning threshold speed of 65 mph.
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Figure 3-4: Venn diagram representation of all vehicles on a given roadway during a given
rainfall event.
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CHAPTER 4: PART II: METHODOLOGY TO COMPUTE UNSTEADY STATE
WATERFILM DEPTH TO IDENTIFY CRITICAL FLOODING LOCATIONS ALONG
A ROADWAY SURFACE

4.1.

Introduction
Although drainage and transportation engineers use numerical models to design systems

to satisfy available safety standards, hydroplaning on highways continues to be a critical
problem. Hydroplaning is a phenomenon that occurs when a vehicle travels on a thin water layer
on the roadway surface and the vehicle experiences an uplift force resulting in the loss of
pavement-tire contact. As discussed in Section 2.3, waterfilm thickness on the pavement surface
is one of the factors that directly affects the hydroplaning potential. Therefore it is important to
realistically model critical water depths. Unfortunately PAVDRN software cannot capture the
effects of surrounding drainage facilities. Thus this phase of the research aims at computing
waterfilm depths along a pavement surface by taking into account the critical factors such as the
presence of a surrounding drainage system and the effects of the flow in the drain on the
waterfilm thickness. Roadway pavements are typically sloped at approximately 2% which is
insufficient for complete runoff clearing in the event of drain flooding and ponding on pavement
surfaces may occur. Therefore, it is important to realistically model the water depth to determine
if there is potential for the development of greater water depth thicknesses that may lead to
hydroplaning.
Waterfilm thickness is one of the major contributing factors to hydroplaning. Many
researchers have developed methods to calculate the water depth, yet there remains a knowledge
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gap in capturing scenarios where water depth is being affected by roadside drainage facilities.
Design engineers in the field still continue to use linear models like PAVDRN to calculate
waterfilm depth on pavement surfaces. During high intensity rainfall events or already saturated
drainage conditions ditches are subject to flooding [59]; this will then have an adverse effect on
the water flow and cause water to back up onto the pavement surface. This is referred to as the
backwater effects/or reverse flow from the ditch to the pavement surface [40].
In the United States, high speed roadway facilities typically are designed with a
ditch/swale system to enhance or improve roadside drainage. Florida in particular experiences
very heavy rainfall events that occur at high intensity and frequency during the summer months.
During such events, the drainage systems become quickly saturated. These continued heavy rain
events then flood roadside ditches and cause the storm-water to back up on the pavement. The
flow on pavements to the ditch can be described as unsteady, nonuniform gradually varied flow;
this type of flow is quite complex and can describe backwater effects that occur when there is a
downstream restriction caused by an at-capacity ditch. It is important to have a realistic
representation of the water flow and waterfilm thickness on the pavement surface. This research
aims at modeling the pavement and drainage system interaction to capture the effects of the
downstream restriction that is created as a flooded ditch/swale slows the stormwater runoff and
generates backwater conditions on the pavement surface. These research findings are expected to
be useful for roadway and drainage engineers to design roadway and drainage facilities to
mitigate the potential for hydroplaning. It will also provide designers with a methodology to test
their designs against transient effects such as ponding or reverse flow (backwater effects) and
then evaluate the increased risk of hydroplaning by evaluating the pavement-drainage system
interaction.
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4.2.

Background of Methodology
The research methodology employed aims to capture the following: (1) varying geometry

of the roadway, (2) varying rainfall intensity, (3) different pavement types, and (4) the effects of
a ditch/swale. Many of the early water film thickness prediction methods had been developed
experimentally and these empirical equations were shown to be inaccurate for small water film
thicknesses [35]. More reliable empirical hydroplaning equations were developed by Horne and
Dreher (1963) [12] based on experimentation performed by NASA. Past research studies have
focused on modeling waterfilm depth on different types of pavement surfaces [30, 33, 34, 51].
Jayasooriya and Gunaratne (2014) evaluated and summarized widely used analytical and
empirical hydroplaning prediction methods used in the field and developed a procedure for
predicting the risk of hydroplaning using the available methods (Table 4-1) [17]. As seen in
Section 2.4.2, there is a shortage of research that combines pavement and drainage systems to
model the water depth especially under flooded conditions. Later, researchers have turned to
hydraulics and fluid dynamics to better simulate sheet flow on pavement surfaces more
accurately [53]. Models capable of representing this scenario are typically costly because of the
need to model the full St. Venant equations (Equations 4-1, 4-2, and 4-3). This research aims to
use these equations to combine the geometric properties of the pavement as well as the roadside
drainage facilities to capture effects of geometric changes and roadside flooding. If this scenario
is not accounted for, it can be particularly dangerous for drivers if excessive waterfilm
thicknesses occur at isolated locations along the roadway.
4.2.1. Consideration of Unsteady Flow Conditions
To numerically represent the physical properties of sheet flow, the depth of the surface
flow on the pavement surface is assumed to be relatively small compared to the length and width
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of the flow stream. Therefore the vertical component of the sheet flow momentum is negligible
and rainfall is considered uniform in space and in the vertical direction. The above conditions
describe a reduced form of the Navier Stokes Equations knows as the Shallow Wave
Equations/St. Venant Equations. The equations are presented in two-dimensional form in
Equations (4-1- 4-3) and Figure (4-1) [53].
∂q x ∂  q x2
+ 
∂t
∂x  h

 ∂  qx q y
 + 
 ∂y  h


∂h
 + gh  + S fx − S ox  = 0
 ∂x



(4-1)

∂  qy
+ 
∂y  h
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 ∂  qx q y
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 ∂x  h




 ∂h

 + gh  ∂y + S fy − S oy  = 0




(4-2)

∂q y

2

∂H ∂q x ∂q y
+
+
−r =0
∂t
∂x
∂y

(4-3)

where,
𝑞𝑞𝑥𝑥 : flow rate in x direction
𝑞𝑞𝑦𝑦 : flow rate in y direction
ℎ: depth of flow
𝑧𝑧: elevation of surface above a horizontal datum
𝐻𝐻: total water elevation from datum (𝐻𝐻 = 𝑧𝑧 + ℎ)
𝑆𝑆𝑜𝑜𝑜𝑜 : bed slope in x direction
𝑆𝑆𝑜𝑜𝑜𝑜 : bed slope in y direction
𝑆𝑆𝑓𝑓𝑓𝑓 : friction slope in x direction
𝑆𝑆𝑓𝑓𝑓𝑓 : friction slope in y direction
𝑟𝑟: lateral inflow per unit length
𝑔𝑔: acceleration due to gravity

Dynamic wave equations or St Venant equations of continuity and momentum model

unsteady, gradually varied flow in open channels [10]. These equations can be applied to open
channels such as ditches and overland flow on pavement surfaces. Since the solution of them is
computationally expensive, researchers have made different assumptions to model them
numerically.

47

One simplifying assumption commonly made by researchers is that of steady state flow
which assumes that there is no change in flow with respect to time [30, 31, 33, 34]. This
assumption is used for general cases involving water flow and has many limitations. Some
limitations associated with steady state are the inability to handle variations in roadway geometry
such as superelevations, or variation in cross sectional and longitudinal slope [30]. Therefore,
this research considers unsteady state conditions that will cover variations in rainfall and
pavement and drainage facility geometry.
Given a sheet flow over a surface (Figure 4-1), Equations (4-1) and (4-2) describe the
conservation of momentum; and Equation (4-3) describes the conservation of mass. Under
unsteady state conditions there are also approximations that can be made to St. Venant equations
to simplify the equations to be solved, including kinematic wave approximation and diffusive
wave approximation [32].
Diffusive wave approximation neglects the inertial terms in the momentum equations
(first three terms in Equation (4-1), and (4-2)) assuming that the inertial terms are insignificant
compared to the gravity, friction and pressure terms and simplifies the momentum equations to
Equation (4-4) and (4-5).
 ∂h

g h + S f x − S o x = 0
 ∂x


(4-4)

 ∂h

g h + S f y − S o y = 0
 ∂y


(4-5)

Kinematic wave approximation neglects the inertial terms from the momentum equation
(first three terms in equation (4-1) and (4-2)) and sets the friction slope equal to the bed slope
(last two terms of the momentum equations) thereby assuming that the discharge is a function of
the depth only and simplifying the energy equation further to Equations (4-6) and (4-7). The
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above kinematic wave approximation and the Manning’s equation to describe the frictional
resistance are the typical assumptions made and used for highway drainage calculations
(Equation 4-8) [51, 52].
�𝑆𝑆𝑓𝑓𝑓𝑓 − 𝑆𝑆0𝑥𝑥 � = 0

(4-6)

�𝑆𝑆𝑓𝑓𝑓𝑓 − 𝑆𝑆0𝑦𝑦 � = 0
𝑛𝑛0.6 𝐿𝐿0.6

𝑡𝑡 = 𝐾𝐾𝑢𝑢 �
where,

𝑖𝑖 0.4 𝑆𝑆 0.3

(4-7)

�

(4-8)

t: travel time
L: overland flow length
n: Manning’s roughness coefficient
i: rainfall intensity
S: average slope of overland flow area
Ku : empirical coefficient equal to 6.92 (0.933 in English units)
Kinematic wave solutions can be applied to impervious surfaces with a constant rainfall
rate. However the above equations cannot model nonuniform drainage flow paths [53] and
backwater effects or reverse flow (or ponding) which may occur from flooded/at capacity
drainage systems on roadways [10]. On the other hand, Diffusive wave equations can model nonuniform drainage flow paths taking into account the lateral pressure gradient and friction slope of
the fluid, but cannot capture backwater effects because the fluid inertia is neglected.
When the surface geometry and rainfall intensity vary and the downstream is flooded as
in real events, a dynamic wave equation must be used to model sheet flow on pavements. Hence,
this study employs the solution of the full dynamic wave equations to capture the above
scenarios. Dynamic wave equations can also be used in conjunction with appropriate infiltration
quantities to model water flow on porous pavement surfaces and roadside ditches or swales [32].
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4.3.

1D/2D Modeling Technique and Software
For this study, various available modeling techniques were scrutinized for solution

accuracy, complexity and cost. The ideal modeling technique must have the capability to model
open channels and overland flow while capturing backwater effects or reverse flow conditions.
Such typical techniques include one dimensional (1D) models used to represent flow in river
channels or gravity networks. Two dimensional (2D) models have been used to simulate
complex flooding and analysis of overland flow but are typically data intensive and costly. In
this study it was decided to combine 1D modeling with 2D modeling to obtain accurate results
for overland flow and open channel flow during extreme rainfall events capturing backwater
effects and ponding as well. Of the many software packages that are available in this study
xpSWMM 2D (xpSWMM and TUFLOW, 2006) is used to model the above described 1D/2D
scenario.
xpSWMM is used to develop models using link-node system of stormwater or
waterwaste flows [41, 42]. The software solves the full St. Venant equations/dynamic wave
equations in one dimension through a drainage facility. TUFLOW, developed by WBM Pty Ltd
and University of Queensland (1990) [13], is used to model surface flow to show flooding
scenarios. Flow types used to model this system are as follows;(1) 1D gradually varied unsteady
flow uses the St. Venant equations to simulate space and time changes in 1D, which models are
appropriate for long open channel flow (drainage ditch) where the flow path is known; and (2)
2D gradually varied unsteady flow uses the St. Venant equations solving them in 2D (x and y
dimensions). These are appropriate for varying depth conditions, considered more accurate and
show results that are easily understood [54].
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To solve the 2D St. Venant equations, xpSWMM and TUFLOW use a solution based on
the Stelling (1984) finite difference of alternating direction implicit (ADI). This method employs
two stages of solution, with each stage involving two steps [56]. Equations (4-9) to Equation (419) describe the ADI computational scheme on a space staggered grid (Figure 4-2) [56] as
modeled and explained by TUFLOW (1991). Given a variable with surrounding cells of
influence (Figure 4-2), the following equations demonstrate the computations behind this
software. A superscript of 0, 1 or 2 signifies the computational stage, for example u1 is the value
of u after Stage 1, and a superscript of p or q denotes the iteration number. To demonstrate the
program solution, the author began with the 2D St. Venant equations in terms of velocity
(Equations (4-9)-(4-11)). .
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

+ 𝑢𝑢

+ 𝑢𝑢
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+ 𝑣𝑣

+ 𝑣𝑣
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𝜕𝜕𝜕𝜕

where,

+
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� = 𝐹𝐹𝑦𝑦

𝜕𝜕2 𝑢𝑢
𝜕𝜕𝑦𝑦 2

� = 𝐹𝐹𝑥𝑥

(4-9)
(4-10)
(4-11)

𝑢𝑢: velocity component in x direction
𝑣𝑣: velocity component in y direction
𝜍𝜍: water elevation above a plane of reference
ℎ: water depth below some plane of reference
𝐻𝐻: total water depth (𝜍𝜍 + ℎ)
𝜇𝜇: eddy viscosity
𝑐𝑐𝑓𝑓 : Coriolis force coefficient
𝐶𝐶: Chezy coefficient for bed resistance
𝑔𝑔: acceleration due to gravity
𝐹𝐹𝑥𝑥 𝑜𝑜𝑜𝑜 𝑦𝑦 : sum of external forces in x or y direction (ex. Wind)

In stage 1 step 1 of the computations, the model will solve the above equations implicitly

for the y-direction velocity (v). It will solve for each v (column by column) in the dominant
direction of flow in the x-direction. External forces are not accounted for here. As an example,
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for an element at the node [n,m] at the pth iteration, equation (4-9) would result in equation (412).
𝑝𝑝
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Equation (4-12) can be rearranged and considered a tridiagonal coefficient matrix as seen in
Equation (4-13).
2

𝑝𝑝

𝑣𝑣𝑛𝑛,𝑚𝑚 � +
2

∆𝑡𝑡

∆𝑡𝑡

𝑜𝑜
𝑣𝑣𝑛𝑛,𝑚𝑚
+

�
3𝑢𝑢

2∆𝑥𝑥

+ 𝑔𝑔

�
𝑢𝑢

𝑝𝑝

1
2 2

𝑜𝑜 � �
�)2 +�𝑣𝑣𝑛𝑛,𝑚𝑚
�(𝑢𝑢

𝐶𝐶 2 𝐻𝐻

�2𝑣𝑣𝑛𝑛,𝑚𝑚−1 −
∆𝑥𝑥

𝑝𝑝

𝑣𝑣𝑛𝑛,𝑚𝑚−2
2

+

2𝜇𝜇

∆𝑥𝑥

2 +

2𝜇𝜇

𝑣𝑣 𝑜𝑜

𝑝𝑝

𝜇𝜇

𝑝𝑝

𝑣𝑣 𝑜𝑜

𝜇𝜇

𝑛𝑛,𝑚𝑚
− 2 � + 𝑣𝑣𝑛𝑛−1,𝑚𝑚 � 𝑛𝑛,𝑚𝑚 − 2 � =
� + 𝑣𝑣𝑛𝑛+1,𝑚𝑚 � 2∆𝑦𝑦
∆𝑦𝑦 2
∆𝑦𝑦
∆𝑦𝑦
2∆𝑦𝑦

� − 𝑐𝑐𝑓𝑓 𝑢𝑢� − 𝑔𝑔

0
0
𝜍𝜍𝑛𝑛+1,𝑚𝑚
−𝜍𝜍𝑛𝑛,𝑚𝑚

∆𝑦𝑦

+

𝜇𝜇

∆𝑦𝑦 2

𝑝𝑝−1

𝑝𝑝

�𝑣𝑣𝑛𝑛,𝑚𝑚+1 + 𝑣𝑣𝑛𝑛,𝑚𝑚−1 �

(4-13)

In a simplified form, it can be re-written as equation (4-14). The equation is solved using the
predictor/corrector method with two iterations.
𝑝𝑝

𝑝𝑝

𝑝𝑝

𝐴𝐴𝐴𝐴𝑛𝑛−1,𝑚𝑚 + 𝐵𝐵𝑣𝑣𝑛𝑛,𝑚𝑚 + 𝐶𝐶𝑣𝑣𝑛𝑛+1,𝑚𝑚 = 𝐷𝐷

(4-14)

where,

𝑜𝑜
𝑣𝑣𝑛𝑛,𝑚𝑚
𝜇𝜇
𝐴𝐴 =
− 2
2∆𝑦𝑦 ∆𝑦𝑦

𝐵𝐵 =

2

1
2 2
𝑜𝑜
�𝑣𝑣𝑛𝑛,𝑚𝑚 � �

�(𝑢𝑢�) +
2
3𝑢𝑢�
+
+ 𝑔𝑔
∆𝑡𝑡 2∆𝑥𝑥
𝐶𝐶 2 𝐻𝐻

𝑜𝑜
𝑣𝑣𝑛𝑛,𝑚𝑚
𝜇𝜇
𝐶𝐶 =
− 2
2∆𝑦𝑦 ∆𝑦𝑦

+

2𝜇𝜇
2𝜇𝜇
+
∆𝑥𝑥 2 ∆𝑦𝑦 2

𝑝𝑝

0
0
𝑣𝑣𝑛𝑛,𝑚𝑚−2
2 𝑜𝑜
𝑢𝑢�
𝜍𝜍𝑛𝑛+1,𝑚𝑚
− 𝜍𝜍𝑛𝑛,𝑚𝑚
𝜇𝜇
𝑝𝑝
𝑝𝑝−1
𝑝𝑝
𝐷𝐷 = 𝑣𝑣𝑛𝑛,𝑚𝑚
+
�2𝑣𝑣𝑛𝑛,𝑚𝑚−1 −
� − 𝑐𝑐𝑓𝑓 𝑢𝑢� − 𝑔𝑔
+ 2 �𝑣𝑣𝑛𝑛,𝑚𝑚+1 + 𝑣𝑣𝑛𝑛,𝑚𝑚−1 �
∆𝑡𝑡
∆𝑥𝑥
2
∆𝑦𝑦
∆𝑦𝑦
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𝑝𝑝

In stage 1 step 2, when the 𝑢𝑢𝑛𝑛,𝑚𝑚 (Equation 4-15) of x-momentum equation is substituted

into the continuity equation, a tridiagonal coefficient matrix (Equation 4-16) is established and
solved for the water levels.
𝑝𝑝

Given 𝑢𝑢𝑛𝑛,𝑚𝑚 =

𝑝𝑝

𝑝𝑝

𝐽𝐽−𝐸𝐸𝐸𝐸𝑛𝑛,𝑚𝑚−1 −𝐺𝐺𝑣𝑣𝑛𝑛,𝑚𝑚+1
𝐹𝐹

(4-15)

where, superscript of q is the value at that iteration level, and q-1 is the value of the variable at
the previous iteration,
𝑞𝑞−1

𝑞𝑞−1

0
0
0
2𝑣𝑣𝑛𝑛+1,𝑚𝑚 − 𝑣𝑣𝑛𝑛−2,𝑚𝑚
2𝑢𝑢𝑛𝑛,𝑚𝑚
𝜍𝜍𝑛𝑛,𝑚𝑚+1
− 𝜍𝜍𝑛𝑛,𝑚𝑚
𝜇𝜇
𝑞𝑞−1
𝑞𝑞−1
𝑞𝑞−1
𝐽𝐽 =
+ 𝑣𝑣̅ �
+ 2 �𝑢𝑢𝑛𝑛+1,𝑚𝑚 − 2𝑢𝑢𝑛𝑛,𝑚𝑚 +𝑢𝑢𝑛𝑛−1,𝑚𝑚 �
� − 𝑐𝑐𝑓𝑓 𝑣𝑣̅ − 𝑔𝑔
∆𝑡𝑡
2∆𝑦𝑦
∆𝑥𝑥
∆𝑦𝑦

𝐸𝐸 = 𝐺𝐺 =

𝐹𝐹 =

0
𝑢𝑢𝑛𝑛,𝑚𝑚
𝜇𝜇
− 2
2∆𝑥𝑥 ∆𝑥𝑥

2
3𝑣𝑣̅
+
+ 𝑔𝑔
∆𝑡𝑡 2∆𝑦𝑦

𝐶𝐶 2 𝐻𝐻

For the tridiagonal
𝑝𝑝

1
2 2

0
�(𝑣𝑣̅ )2 + �𝑢𝑢𝑛𝑛,𝑚𝑚
� �

+

2𝜇𝜇
2𝜇𝜇
+
∆𝑥𝑥 2 ∆𝑦𝑦 2

𝑝𝑝

𝑝𝑝

𝐾𝐾𝐾𝐾𝑛𝑛,𝑚𝑚−1 + 𝐿𝐿𝜍𝜍𝑛𝑛,𝑚𝑚 + 𝑀𝑀𝜍𝜍𝑛𝑛,𝑚𝑚+1 = 𝑁𝑁

(4-16)

The variables are defined as follows.
𝑞𝑞−1

𝑞𝑞−1

𝑢𝑢𝑛𝑛,𝑚𝑚−1
−�ℎ𝑢𝑢 𝑛𝑛,𝑚𝑚−1 + 𝜍𝜍𝑛𝑛.𝑚𝑚−1 � 1
𝑔𝑔
� �−
𝐾𝐾 =
2∆𝑥𝑥
∆𝑥𝑥
𝑈𝑈23 ∆𝑥𝑥

𝑞𝑞−1

𝑞𝑞−1

𝑞𝑞−1
𝑞𝑞−1
𝑢𝑢𝑛𝑛,𝑚𝑚−1 − 𝑢𝑢𝑛𝑛,𝑚𝑚
−�ℎ𝑢𝑢 𝑛𝑛,𝑚𝑚 + 𝜍𝜍𝑛𝑛.𝑚𝑚 � 1
−�ℎ𝑢𝑢 𝑛𝑛,𝑚𝑚−1 + 𝜍𝜍𝑛𝑛.𝑚𝑚−1 � 1
2
𝑔𝑔
𝐿𝐿 =
+�
+
�� � +
∆𝑡𝑡
∆𝑥𝑥
𝑈𝑈20
∆𝑥𝑥
𝑈𝑈23 ∆𝑥𝑥
2∆𝑥𝑥
𝑞𝑞−1

𝑞𝑞−1

𝑢𝑢𝑛𝑛,𝑚𝑚
−�ℎ𝑢𝑢 𝑛𝑛,𝑚𝑚 + 𝜍𝜍𝑛𝑛.𝑚𝑚 � 1 𝑔𝑔
� �+
𝑀𝑀 =
∆𝑥𝑥
𝑈𝑈20 ∆𝑥𝑥
2∆𝑥𝑥
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𝑁𝑁

𝑞𝑞−1

𝑞𝑞−1

0
�ℎ𝑢𝑢 𝑛𝑛,𝑚𝑚 + 𝜍𝜍𝑛𝑛.𝑚𝑚 � 1
�ℎ𝑢𝑢 𝑛𝑛,𝑚𝑚−1 + 𝜍𝜍𝑛𝑛.𝑚𝑚−1 � 1
2𝜍𝜍𝑛𝑛,𝑚𝑚
=
− 𝑈𝑈10
+ 𝑈𝑈13
∆𝑡𝑡
∆𝑥𝑥
𝑈𝑈20
∆𝑥𝑥
𝑈𝑈23

−

0
𝑣𝑣𝑛𝑛,𝑚𝑚
�

0
0
0
+ 𝜍𝜍𝑛𝑛+1,𝑚𝑚
𝜍𝜍𝑛𝑛,𝑚𝑚
𝜍𝜍 0 + 𝜍𝜍𝑛𝑛−1,𝑚𝑚
+ ℎ𝑛𝑛+1,𝑚𝑚
+ ℎ𝑛𝑛−1,𝑚𝑚−1
ℎ
ℎ
0
+ 𝑛𝑛,𝑚𝑚
� − 𝑣𝑣𝑛𝑛−1,𝑚𝑚
� 𝑛𝑛,𝑚𝑚
+ 𝑛𝑛−1,𝑚𝑚
�
2
2
2
2

∆𝑦𝑦

where, 𝑈𝑈10 , 𝑈𝑈20 , 𝑈𝑈13 𝑎𝑎𝑎𝑎𝑎𝑎 𝑈𝑈23 are based from the x-direction momentum equation substituted into
the continuity equation. The variables are equal at element [n,m-1] and defined as follows.
𝑈𝑈10

𝑞𝑞−1

𝑞𝑞−1

𝑞𝑞−1

𝑞𝑞−1

0
𝑣𝑣̅ �𝑢𝑢𝑛𝑛+2,𝑚𝑚 + 4𝑢𝑢𝑛𝑛+1,𝑚𝑚 − 4𝑢𝑢𝑛𝑛−1,𝑚𝑚 − 𝑢𝑢𝑛𝑛−2,𝑚𝑚 �
2𝑢𝑢𝑛𝑛,𝑚𝑚
=
−
+ 𝑐𝑐𝑓𝑓 𝑣𝑣̅
∆𝑡𝑡
12∆𝑦𝑦

+

𝑈𝑈20 =

2
+
∆𝑡𝑡
𝑝𝑝

𝜇𝜇
𝜇𝜇
𝑞𝑞−1
𝑞𝑞−1
𝑞𝑞−1
𝑞𝑞−1
𝑞𝑞−1
𝑞𝑞−1
�𝑢𝑢𝑛𝑛+1,𝑚𝑚 − 2𝑢𝑢𝑛𝑛,𝑚𝑚 +𝑢𝑢𝑛𝑛−1,𝑚𝑚 � + 2 �𝑢𝑢𝑛𝑛,𝑚𝑚+1 − 2𝑢𝑢𝑛𝑛,𝑚𝑚 +𝑢𝑢𝑛𝑛,𝑚𝑚−1 �
2
∆𝑦𝑦
∆𝑥𝑥

𝑞𝑞−1
𝑢𝑢𝑛𝑛,𝑚𝑚+1

𝑞𝑞−1
𝑢𝑢𝑛𝑛,𝑚𝑚−1

−
2∆𝑥𝑥

+ 𝑔𝑔

�(𝑣𝑣̅

)2

+

1
2 2
0
�𝑢𝑢𝑛𝑛,𝑚𝑚 � �

𝐶𝐶 2 𝐻𝐻

Finally, 𝑢𝑢𝑛𝑛,𝑚𝑚 is back calculated into equation (4-15). This procedure is repeated in stage 2 but

beginning with the x-direction momentum in step 1 (equations (4-14) is in terms of 𝑢𝑢) solving

for the x-direction velocities; stage 2 step 2 substitutes the y-direction momentum equation into

the continuity equation, which completed similarly to equation (4-16) but the 𝑈𝑈 terms are based

from the y-direction momentum equation).

The program takes boundary conditions into account through the advection, cross
advection and diffusion terms in y-direction and x-direction momentum equations based on the
adjacent points and whether it is an open boundary (water level boundary) or a closed boundary
(dry land). Referring back to variables A, B, C, and D for the y-direction momentum: (1) the
advection terms are a function of 𝑣𝑣 and 𝑦𝑦, (2) the cross advection terms are a function of 𝑢𝑢�, 𝑣𝑣 and

𝑥𝑥 and (3) the diffusion terms are a function of 𝑣𝑣 and 𝑥𝑥 2 .
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WBM Oceanics Australia [56] details how the boundary conditions affect each term in
their report. Boundary conditions are defined for the 1D model and the 2D model area
separately. The following describes the boundary conditions applied for each area.
For the 1D section (Figure 4-3 and Figure 4-4), the boundary conditions are applied to the
nodes, the initial node at the upstream location of a swale in the inlet and depends on the
condition being modeled. For the working condition, the user input velocity value was zero. This
creates a case where the swale is in a working condition and only receiving rainfall as an input.
In this condition the swale never reaches its capacity. To simulate a flooded scenario, the author
inputs an inflow hydrograph into the initial node to bring the swale to capacity based on the
swale size. This signifies a condition where the swale is at-capacity and additional rain will lead
to flooding. The values of inflow hydrograph were chosen iteratively until the specific swale
design being modeled reached capacity in the 1D model. In all the scenarios, the outlet node in
the 1D model is taken as an outfall. This condition allows the water to flow out of the system
unhindered so that it does not act as a downstream blockage. Since the author is modeling a
section of a relatively long drainage system, it is assumed that flow would continue downstream
(outside the model boundaries).
For the 2D section (Figure 4-4), the boundary conditions are applied as polylines to the
perimeter of the 2D active area. The upstream section in the y-direction is taken as no-flow
boundary (along x), because the flow is always expected to go downstream at the boundary
locations. The centerline section of the road (upstream in the x direction) is also taken as a noflow boundary (along y), because the flow is always expected to go downstream at the boundary
locations. In the downstream end of the model, a free outfall boundary (head boundary in Figure
4-4) is chosen with a lower head selected compared to surrounding cells. This will allow the flow
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to continue unhindered out of the model domain. The same boundaries conditions for the 2D
model are chosen in the working swale and flooded swale conditions.
The first step of stage 1 solves the y-direction momentum equations for the y-velocities
using a predictor/corrector method in two sweeps (Equation (4-14)). The second step of stage 1
solves for the water levels and velocities in the x-direction by solving the momentum equation in
x and the continuity equation (Equation (4-13) and Equation (4-15)). This step is repeated for
two iterations. Stage 2 is similar to that of stage 1, but now starting with the x-direction
momentum equation (Equation (4-16)) and the second step solving the continuity equation with
the y-direction momentum equation (Equation (4-17) and Equation (4-18)) [56].
A linked 1D/2D model will use both 1D unsteady flow equations to show flow in an open
channel with a typical defined geometry using a link and node system, while the 2D equations
will calculate unsteady flow on a 2D roadway grid system with known varying slope and
roughness. Figure 4-3 (a) and (b) shows a cross section of a roadway and open channel ditch
with the dashed line showing the break between the 1D and 2D section.
The two models are then linked using a 1D/2D interface. The xpSWMM/TUFLOW
software utilizes a 2D/1D dynamic interface to connect the 2D model area and the 1D model.
This link acts as an open boundary (flow and water level boundary) for each model. The
modeling equations are solved independently but are connected by providing boundary
information to each other at each half time step. The interface link acts as a water level boundary
from the 1D to the 2D model and a flow boundary (which is either a velocity or a discharge)
from the 2D model to the 1D model using the velocity distribution. The type of boundary utilized
is therefore a 2-D water level/1-D flow boundary [55].
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Both the 1D and 2D models use a 2 stage process with each stage occurring over half of a
timestep, therefore feeding the boundary conditions to each other at a half timestep interval. The
first step calculates the water level in the 1-D and provides that to the 2-D model prior to Stage 1
of the 2D model computations. Next the discharge/flow is calculated from the 2D model and
transferred to the 1D model for the subsequent computation. The software developer notes that
the computations were found to be stable and accurate. The sequence of events for the interface
link boundary values are summarized in the steps below [55]:
•

Step 1: the 2D model begins with Stage 1 using the water level boundary from the
prior timestep;

•

Step 2: The flow exiting in the 2D area is calculated and acts as a boundary for the 1D
model at the nodes;

•

Step 3: the 1-D model computes the flow by setting that equal to the flow boundary
obtained from the 2D model from Step 2; the mass is conserved between the 2D/1D
link. The program converts the 2D velocity vectors to an equivalent 1D flow in the
swale direction. The author assumes that this is done using convective flux fluid mass
conservation mechanics since the fluid is incompressible, the inflow into the control
volume must be equal to the outflow. The new water levels are then computed.

•

Step 4: the adjusted water levels provided in Step 3 act as the new boundary for the
2D area. The water level is adjusted for the 2D model from a static water level from
the 1D model to an actual water level using the average dynamic head (𝜍𝜍𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 =

𝜍𝜍𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 +

𝑉𝑉 2

2𝑔𝑔

) based on the resultant velocities of the previous half time step in the

adjacent 2D elements. The author assumes that the adjusted water level equation is
based on the modified Bernoulli Equation (𝜍𝜍𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 +
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𝑃𝑃1

𝜌𝜌𝜌𝜌

+

𝑉𝑉1 2
2𝑔𝑔

= 𝜍𝜍𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 +

𝑃𝑃2

𝜌𝜌𝜌𝜌

+

𝑉𝑉2 2
2𝑔𝑔

)

where point 1 is on the swale and point 2 is on the 2D domain and where the pressure
heads are zero on the surface of the fluid, and the velocity head in the swale can be
taken as zero, finally resulting in the equation for adjusted head in terms of dynamic
head upstream (in the 2D section).
•

Step 5: Similar to Step 1 of the sequence but now solving for Stage 2 of the 2D
model.

•

Step 6: Similar to Step 2 of the sequence

•

Step 7: Similar to Step 3 of the sequence but now solving Stage 2 of the 1D model.

•

Step 8: Similar to Step 4. [55]

During heavy rainfall events, obstructions or excess flow in the drainage system cause
backwater or reverse direction flow. The 1D section of the model is defined by a cross sectional
area and represented by links and nodes (the swale/ditch). The 2D section is represented as a grid
system created using an XYZ coordinate file and converted to a digital terrain model (DTM) that
covers the area outside the 1D section. As the water depth rises in the 1D open channel, the water
level is connected to the adjacent cells of the 2D system. These linked models are found to best
represent flow in complex areas, sheet flow and accurately show flooding [54]. To create the
1D/2D system in the model, various layers are created:
•

Active 2D area where 2D flow can occur (Figure 4-4(a)).

•

Inactive 2D area where 2D flow cannot occur, this typically outlines the 1D section
(Figure 4-4(a)).

•

1D/2D interface which indicates boundary between 2D Active area and the top of the
1D channel. (Figure 4-4(c)).
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•

1D/2D connections which provides the hydraulic link between the 1D node and the
1D/2D interface (Figure 4-4(c)).

•

2D head boundary which represents a time dependent head to create a free outfall in
2D by setting the level below the surrounding 2D cells) (Figure 4-4(c)).

•

2D Land-uses which are used to define roughness/infiltration characteristics (Figure 44(c)).

•

2D Rainfall area which is used to simulate overland rainfall over the entire area.

Figure 4-4(b) shows the open channel (ditch) flowing from top to bottom, which is
modeled using links and nodes as in typical 1D models. Figure 4-4(c) shows the 2D objects and
the 1D/2D links as described above. To capture infiltration, the author assumed an
Initial/Continuing Loss Method which is described as a set rate loss of water and assigned for
each land-use type. The grass/roadside soil infiltration is taken as 0.06 in/hr which is the typical
value for sandy clay soils usually found on roadsides in Florida. Soil types greatly vary based on
geographic location, therefore in this study sandy clay is used as a conservative assumption
based on its slower permeability characteristic. The permeability of OGFC pavement varies,
therefore this study models a range of values for OGFC permeability. Using this modeling
technique one can better numerically represent flow patterns and water levels on roadway and
drainage facilities. This technique captures the flooding that can occur under extreme rainfall
events and easily represents results to nontechnical audiences in an easily understood format
[53].
4.4.

Presentation of Results
Multiple scenarios were run to (1) verify and (2) demonstrate the capabilities of using this

modeling technique for waterfilm thickness (WFT) calculations. Case I (a) compares the results
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of PAVDRN with the author’s model. The cross section used in Case I (a) and Case II is of a two
lane roadway section (Figure 4-3(a)) with lanes at 2% cross slope and the shoulder at 3% cross
slope, impervious dense graded pavement and longitudinal slope of 1%. Case I (b) is an 8 lane
concrete surface used by Charbeneau et. al. (2008) which changes from a normal crown (-2%) to
full superelevation cross slope (+3.8%) with a longitudinal slope of 6%. Figure 4-5(a) shows the
modeled surface and Figure 4-5(b) shows a simplified rendering explaining the transition from
normal crown to full superelevation.
4.4.1. Case I: Verification of Model Results (a) Using PAVDRN, (b) Using 2D Model Flow
Firstly, the model results needed to be compared with currently used models in practice.
The author first compared the results of PAVDRN software for steady state conditions to the
corresponding results of the fully operating ditch (working) using the referred cross-section in
Figure 4-2(a). Even with a working ditch scenario, PAVDRN and the model results are expected
to differ since PAVDRN does not account for the effects of drainage facilities. The author’s
model will show a slightly higher WFT value compared with PAVDRN’s reported WFT in
Figure 4-6. As seen in Figure 4-6, the new model predictions have similar trends as the
PAVDRN results, where WFT is increasing with higher rainfall intensity.
To present the ability of model to show 2D flow, the author ran the model on a
superelevation surface (Figure 4-5 (a)) and compared the results with those published by
Charbeneau, et al. (2008). Charbeneau et al. (2008) studied and modeled a superelevated section
at varying longitudinal grades using the diffusion wave model. The author modeled and
compared one of the surfaces studied by Charbeneau et al. (2008) in Case I (b) to verify the
ability of the author’s model to replicate the results of the above study. Figure 4-7 show the
results from the new model vs. that of Charbeneau et al (2008). Charbeneau et al. (2008) verified
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their model results using a physical model in the laboratory. The new model results match those
of Charbeneau et al. (2008) as seen in the Figure 4-7, which verifies the 2D modeling capability
of the author’s model [53].
4.4.2.

Case II: Under Steady Rainfall Intensity Modeling with a Flooded Ditch
The author aimed to model backwater effects in Case II which is a major issue that occurs

often when heavy rain in combination with already saturated roadside ditches begin to flood
causing ponding along a roadway surface. The developed model is capable of representing this
scenario because it uses the full set of St. Venant equations, combining 1D with 2D modeling.
To test this model capability, the cross section design described in Section 4.4 with a ditch
reaching its capacity is modeled under multiple steady rainfall events (from rainfall intensities of
3 in/hr-10 in/hr). Figure (4-8) shows the WFT values under various rainfall intensities. The WFT
evaluation along the pavement are made at critical locations along each lane. Critical locations
defined in Figure (4-10(b)) are assumed to be the deepest WFT the tire of a vehicle would
encounter along that lane. Arrows in Figure 4-10(b) are the evaluated reading locations and
described as the following: distance from the centerline for the WFT reading of lane 1 is taken at
11.5’, WFT of lane 2 is taken at 23.5’, and WFT of shoulder is taken at 27’. The author
compared those results with a scenario where the drainage ditch is not at capacity i.e. working
ditch. As seen in Figure 4-8(b), when the rainfall intensity is 7 in/hr, the WFT curve trend diverts
at a higher rate along Lane 2 and the shoulder in the flooded ditch scenario. This significant
increase in WFT is attributed to the backwater effects caused by the at-capacity flooded ditch
and results in ponding along the road surface. In terms of the backwater effects, Figure 4-8(c)
shows the waterfilm thickness on the shoulder under various rainfall intensity scenarios. As can
be seen in Figure 4-8(c) the waterfilm thickness is much greater in a flooded ditch than under
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working ditch condition. Appendix B demonstrates multiple time steps showing the backwater
effects on the velocity vectors under a flooded condition. Thus, using this methodology,
backwater effects exhibiting a potential for ponding can be accounted for along roadway
surfaces. Engineers can take measures to mitigate this pooling effects and reduce the WFT using
various design techniques such as changing the cross slope or pavement type used.
4.4.3. Case III: Realistic Modeling Scenario
The 1D/2D model predictions were made using a steady rainfall rate to compare results
against previous research studies. It is important to note that rainfall events hardly occur at a
steady rainfall intensity, but naturally vary throughout the event in one location as a storm
progresses. To model this phenomenon and test the effects on the maximum waterfilm thickness,
the author modeled a rainfall intensity as a normally distributed hyetograph to better represent a
more realistic rainfall event as the one seen in Figure 4-9 (a) which occurred in Miami. The
model captures changes in water elevation over time (Equation 4-3); therefore it can account for
varying rainfall intensities. In Case III, the author modeled a two lane dense graded asphalt
section with an operable ditch under an unsteady and steady rainfall events. The results shown in
Figure 4-9(b) illustrate that the steady rainfall event led to a slightly higher waterfilm thickness
than that of the unsteady rainfall event. Those results are to be expected as the steady rainfall
event represents a “worse-case-scenario”. In practice it may not be cost effective to design for
the worst case conditions. It is important to note that comparison of the results of the two
scenarios shows a slight difference in WFT, even with the higher values in the steady state
condition. These results may be considered too small to change the outcome of a hydroplaning
analysis when making engineering decisions. Figure 4-9(c) shows the percentage difference in
waterfilm thickness between the unsteady rainfall and the steady rainfall along the roadway
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section, which varies between 0%-5%. To assess whether hydroplaning potential would vary, the
author calculated the threshold hydroplaning speed using equations in Table 4-1 and compared
the speeds under both conditions. As can be seen in Figure 4-9, the difference in hydroplaning
threshold speed between the two conditions is insignificant. Therefore, the author concludes that
it is acceptable to continue using a steady rainfall entry when evaluating hydroplaning potential
in these scenarios. Hence, the author continues to run the model under steady state rainfall
conditions.
4.5.

MY-PAVDTCH Design Tool
1D tools and popular software such as PAVDRN will continue to be used because of the

simplicity, reduced computational time and the ease to run them. However, critical conditions
such as flooding in the drainage system and on the pavement surface can still arise in the field.
The existing tools widely used by practitioners cannot account for these conditions and fail to
report these scenarios to the users.
The author created a software (MY-PAVDTCH) to obtain waterfilm thickness along the
pavement surface. A list of scenarios included in MY-PAVDTCH can be found in Appendix C
Table C-1. These scenarios are modeled under a flooded ditch condition with various pavement
types and geometric design scenarios using methodology described in Section 4.3.
Plots have been developed to assist design engineers to make decisions regarding their
typical section geometry, pavement type and permeability to minimize the potential of flooding.
In all scenarios, the drainage system is kept as a roadside ditch as seen in Figures 4-10 (a) and
(c). Since the drainage facility is flooded to simulate a critical condition, the author assumed that
a change in the design of the roadside ditch on pavement waterfilm thickness is minor. Future

63

work may be required to look into effects of using other types of roadside drainage such as curb
and gutter on high speed facilities and how they may affect the waterfilm thickness.
Multiple design combinations summarized in Table B.1 have been modeled to provide
critical waterfilm thickness values along a pavement surface. The waterfilm thickness (WFT)
measurements along the pavement are taken at critical locations along each lane. This is the
assumed deepest WFT the tire of a vehicle may encounter along that lane. An example of
locations of the WFT readings for a four lane facility is shown in Figure 4-10(b). These plots can
be used by engineers to understand the risk of backwater effects, and in turn, the hydroplaning
potential using hydroplaning threshold speed equations using Table 4-1.
To demonstrate an example of how this tool can be used, assume a designer is looking at
hydroplaning potential on a 6 lane section (3 lanes in each direction with 12’ width each) with a
shoulder (5’ paved, 7’ unpaved) as seen in Figure 4-10(c), on a dense graded asphalt pavement.
The engineer would use the drop down option in MY-PAVDTCH tool to select the number of
lane (3 lanes), the slope of the 3 lanes and shoulder (all at 2% for this example), pavement type
(OG for Open Graded, DG for Dense Graded, or PCC for Concrete; DG is selected for this
example) as seen in Figure 4-11. The scenario plot will appear in the graph output screen on the
right of the tool as seen in Figure 4-11. The graphic shows the waterfilm thickness along the
lanes and shoulder under various rainfall intensities (RF). Appendix C includes a summary of all
the modeled scenarios and output plots for each scenario from MY-PAVDTCH tool.
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Table 4-1: Widely used hydroplaning risk prediction models [17]
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Figure 4-1: Sheet flow over a surface [9]

66

Figure 4-2: Example of space grid with multiple variables [56]
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Figure 4-3: Cross section view of an open channel/ditch and roadway showing (a) Cross-section
label reference (b) the dashed line shows the separation between the 2D section and 1D section
(open channel/ditch)
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(a)
(b)
(c)
Figure 4-4: Plane view of roadway section (a) 2D active and inactive area (1D area) (b) 1D objects (c) 2D objects and 1D/2D links
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(a)

(b)
Figure 4-5: Charbeneau et. al. (2008) superelevation section (a) surface file of a superelevation section with a longitudinal slope of 6%
imported into the model (b) a simplified figure of a superelevation transition [53]
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Figure 4-6: Comparison of PAVDRN results compared to author’s model results with working ditch system (a) WFT in Lane 1 (b)
WFT in Lane 2 (c) WFT in Shoulder
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Figure 4-7: Comparison of Longitudinal profile of ponding depth/WFT at the inside end of 8lane road under 250 mm/hr rainfall intensity using XPSWMM model at 6% longitudinal slope
and Charbeneau, et. al. (2008) at 6% longitudinal slopes [53]
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Figure 4-8: (a) WFT (in) vs. cross section location under multiple rainfall intensity scenarios with a not-at-capacity ditch (working);
(b) WFT (in) vs. cross section location under multiple rainfall intensity scenarios with an-at-capacity ditch (flooded) (c) WFT (in) vs.
rainfall intensity in the shoulder showing the backwater effects caused by at capacity ditch.
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Figure 4-9: (a) Summer rainfall event occurring in Miami [58] (b) WFT vs. location on pavement under unsteady and steady rainfall
events (c) percent difference in WFT using unsteady rainfall vs. steady rainfall
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Figure 4-10: Typical section drawing (a) one direction of 4 lane section (b) one direction of 4
lane section showing location of WFT readings with a red arrow (c) one direction of 6 lane
section
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Figure 4-11: Example of scenario selected on MY-PAVDTCH showing plots of output under
various rainfall (RF) events at 4in/hr, 6 in/hr, 8 in/hr and 10in/hr
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CHAPTER 5: CONCLUSIONS

Dynamic hydroplaning phenomenon is a major concern on highways during high rainfall
intensity events which may lead to severe crashes and jeopardize the safety of a roadway facility.
Therefore, hydroplaning design tools are commonly employed by highway design engineers to
reduce the potential of hydroplaning and possible severe crashes they may lead to.
This research consists of two phases: Phase I involved evaluating the reliability of
PAVDRN, a widely used hydroplaning software, in predicting hydroplaning and using past
hydroplaning crash statistics to include the effects of external factors to upgrade PAVDRN’s
predictions. This provides engineers with more realistic probability estimates of hydroplaning
crashes. Phase II addressed a major gap found in hydroplaning potential tools which is the effects
of roadside drainage facilities on pavement waterfilm thickness. The author found that current
models fail to account for possible adverse conditions that are caused by malfunctioning of
roadside drainage. In Florida, heavy rainfall events can occur frequently thus the roadside soils
are already saturated. This can lead to at-capacity ditches which will cause backwater effects on
the pavement and increase the waterfilm thickness than what is predicted. The author simulated
this scenario using a 1D/2D modeling technique on xpSWMM. The results were verified using
both PAVDRN and a 2D model developed by Charbeneau et. al. (2008). This modeling
technique successfully exhibited the potential of backwater effects of the waterfilm thickness on
pavement surface. To further help design engineers to understand the hydroplaning risk under the
flooded ditch condition, a tool, MY-PAVDTCH, was created to show the critical waterfilm
thickness along the pavement surface. The tool is equipped with multiple cross-section scenarios
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modeled with a flooded roadside drainage ditch to simulate waterfilm development on various
high speed facility designs. Design engineers can continue to use PAVDRN to identify the
hydroplaning risk potential, and then use MY-PAVDTCH to modify the results by identifying
possible critical waterfilm thicknesses along their proposed roadway surface designs. Thus the
tool developed during this study can assist design engineers in making educated modifications to
their designs and posted speeds to minimize the potential for hydroplaning under critical
conditions manifested in real life.
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CHAPTER 6: RECOMMENDATIONS FOR FUTURE WORK

After completing the envisioned objective of the research study, the author recommends
the future research direction listed below:
•

Higher speed facilities typically use a roadside ditch for drainage especially when
right of way is available. In some urban conditions where right of way is limited, a
curb and gutter design may be used, typically the posted speed is in turn reduced to
50 mph which may be sufficient to avoid the potential of dynamic hydroplaning, but
the potential for higher waterfilm thickness because of backwater effects may still be
possible. A future study to model the effects of other types of roadside drainage on
pavement waterfilm thickness is recommended.

•

The use of Intelligent Transportation Systems (ITS) and autonomous vehicles is on
the rise. There are many types of hardware being developed to improve Infrastructure
to Vehicle (I2V) communications. This modeling technique is not computationally
expensive and can be used to feed autonomous vehicles or driver’s Real-Time data on
waterfilm thickness conditions and propose reduced speed limits. Future effort can be
focused on creating this type of system to provide safer threshold speeds to
autonomous vehicles or their users. This can be a systemic change for Departments of
Transportation (DOTs) to adopt to significantly reduce their crashes that occur during
wet weather conditions.
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Below provides permission for the use of material in Chapter 3:
https://us.sagepub.com/en-us/nam/journal-author-archiving-policies-and-re-use
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APPENDIX B: VELOCITY VECTORS PRODUCED BY MODEL

The author exported multiple timesteps to show the velocity vectors during a flooded
condition in Case II. Figure B-1 shows the velocity vectors 10 minutes into a rain event prior to
flooding. The velocity vectors are shown to be flowing downstream towards the swale. The
swale (1D section) velocity vectors are flowing downstream. Figure B-2 shows the velocity
vectors one hour into a rain event. Once flooding begins the adjacent velocity vectors near the
swale are being affected by the downstream flooding conditions and begin to shift away from the
swale. Figure B-3 shows the velocity vectors 2 hours into a rain event. The velocity vectors near
the swale are affected by the downstream conditions and no longer flow into the flooded swale as
before. The velocity vectors are mostly flowing parallel to the swale or away from the swale
causing back water effects. In Figure B-4 at 4 hours and 30 minutes into a rain event equilibrium
is reached at max waterfilm depth: The velocity vectors continue to be affected by the flooding
downstream and begin to flow away from the swale (into the pavement area). This describes
backwater effects.
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Figure B-1: Velocity vectors 10 minutes into a rain event
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Figure B-2: Velocity vectors 1 hour into a rain event
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Figure B-3: Velocity vectors 2 hours into a rain event
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Figure B-4: Velocity vectors 4 hours and 30 minutes into a rain event
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APPENDIX C: MY-PAVDTCH SCENARIOS
MY-PAVDTCH is a tool created by the author and made available online. The tool can
be accessed using the following link: https://goo.gl/3o3LBM. The scenarios available on the tool
are described below and their corresponding graphs.
Table C-1: List of scenarios and descriptions
Scenario no. Lane configuration
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31

Lane 1: 2%|Lane 2: 2%|Shoulder: 2%
Lane 1: 2%|Lane 2: 2%|Shoulder: 2%
Lane 1: 2%|Lane 2: 2%|Shoulder: 2%
Lane 1: 2%|Lane 2: 2%|Shoulder: 2%
Lane 1: 2%|Lane 2: 2%|Shoulder: 2%
Lane 1: 2%|Lane 2: 2%|Shoulder: 2%
Lane 1: 2%|Lane 2: 2%|Shoulder: 3%
Lane 1: 2%|Lane 2: 2%|Shoulder: 4%
Lane 1: 2%|Lane 2: 2%|Shoulder: 4%
Lane 1: 2%|Lane 2: 2%|Shoulder: 4%
Lane 1: 2%|Lane 2: 2%|Shoulder: 6%
Lane 1: 2%|Lane 2: 2%|Shoulder: 6%
Lane 1: 2%|Lane 2: 2%|Shoulder: 6%
Lane 1: 2%|Lane 2: 2%|Lane 3: 2%|Shoulder: 2%
Lane 1: 2%|Lane 2: 2%|Lane 3: 2%|Shoulder: 2%
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Figure C-1: WFT of scenario 1
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Figure C-2: WFT of scenario 2
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Figure C-3: WFT of scenario 3
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Figure C-4: WFT of scenario 4
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Figure C-5: WFT of scenario 5
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Figure C-6: WFT of scenario 6
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Flooded Ditch Lane Scenario 7
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Figure C-7: WFT of scenario 7
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Figure C-8: WFT of scenario 8
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Figure C-9: WFT of scenario 9
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Figure C-10: WFT of scenario 10
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Flooded Ditch Lane Scenario 11
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Figure C-11: WFT of scenario 11
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Figure C-12: WFT of scenario 12
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Figure C-13: WFT of scenario 13
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Figure C-14: WFT of scenario 14
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0.0900

Waterfilm Thickness (in)

0.0800
0.0700
0.0600

RF 4

0.0500

RF 6

0.0400

RF 8

0.0300

RF 10

0.0200
0.0100
0.0000

lane 1

lane 2

lane 3

shoulder

Figure C-15: WFT of scenario 15
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Figure C-16: WFT of scenario 16
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Flooded Ditch Lane Scenario 17
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Figure C-17: WFT of scenario 17

Flooded Ditch Lane Scenario 18
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Figure C-18: WFT of scenario 18
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Flooded Ditch Lane Scenario 19
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Figure C-19: WFT of scenario 19

Flooded Ditch Lane Scenario 20
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Figure C-20: WFT of scenario 20
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Flooded Ditch Lane Scenario 21
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Figure C-21: WFT of scenario 21

Flooded Ditch Lane Scenario 22
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Figure C-22: WFT of scenario 22
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Flooded Ditch Lane Scenario 23
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Figure C-23: WFT of scenario 23

Flooded Ditch Lane Scenario 24
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Figure C-24: WFT of scenario 24
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Flooded Ditch Lane Scenario 25
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Figure C-25: WFT of scenario 25

Flooded Ditch Lane Scenario 26
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Figure C-26: WFT of scenario 26
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Flooded Ditch Lane Scenario 27
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Figure C-27: WFT of scenario 27

Flooded Ditch Lane Scenario 28
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Figure C-28: WFT of scenario 28
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Flooded Ditch Lane Scenario 29
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Figure C-29: WFT of scenario 29

Flooded Ditch Lane Scenario 30
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Figure C-30: WFT of scenario 30
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Flooded Ditch Lane Scenario 31
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Figure C-31: WFT of scenario 31
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